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FOREWORD 

The work r e p o r t e d  h e r e i n  w a s  c a r r i e d  o u t  by TRW Systems f o r  NASA 

L e w i s  Research Center  under Con t rac t  No. NAS 3-8704. This  work w a s  

admin i s t e red  under t h e  d i r e c t i o n  of t h e  Advanced Vehic les  Branch of t h e  

Centaur P r o j e c t  O f f i c e ,  LeKc,  w i th  M r .  Ron Mancini as t h e  t e c h n i c a l  

monitor .  The p r o j e c t  manager f o r  t h e  c o n t r a c t o r  w a s  D r .  G.A. Greenbaum of 

t h e  Advanced Technology Uepartment,  Engineer ing  Mechanics Labora tory .  

..,- This  r e p o r t  is  p resen ted  i n  two volumes. Volume I c o n t a i n s  t h e  

d e r i v a t i o n  o f  t h e  governing e q u a t i o n s ,  and t h e  d e s c r i p t i o n  of t h e  computer 

program. Volume I1 con ta ins  t h e  computer program l i s t i n g .  

The a u t h o r s  of t h e  two volumes a r e  D r .  G.A.  Greenbaum and M r .  

0 . C .  Conroy. The a u t h o r s  wish t o  acknowledge c o n t r i b u t i o n s  made by D r s .  

A. Kaplan, 0 . A .  Evensen, d . J .  Peery and M r .  Ron Mancini. 
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ABSTRACT 

A t h e o r e t i c a l  a n a l y s i s  and computer program are developed t o  p r e d i c t  

t h e  e lascic  pos t -wr inkl ing  behav io r  of h i g h l y  p r e s s u r i z e d  cy l ind r . i ca1  o r  

c o n i c a l  s h e l l s  of r e v o l u t i o n  s u b j e c t e d  t o  bending loads .  The computer 

program i s  w r i t t e n  i n  a g e n e r a l  manner, and may b e  used t o  s o l v e  many 

o t h e r  geomet r i ca l ly  n o n l i n e a r  s h e l l  problems. The a n a l y s i s  i s  based  on 

Sanders '  n o n l i n e a r  s h e l l  t heo ry .  The governing n o n l i n e a r  p a r t i a l  d i f f e r e n t i a l  

equa t ions  are  reduced t o  a system of o r d i n a r y  f i r s t - o r d e r  d i f f e r e n t i a l  

e q u a t i o n s  by expanding each v a r i a b l e  i n  a F o u r i e r  series i n  t h e  c i r c u m f e r e n t i a l  

coo rd ina te .  These equa t ions  a y e  reduced t o  a sequence of n o n l i n e a r  f i n i t e  

d i f f e r e n c e  e q u a t i o n s  which are s o l v e d  by a modi f ied  Newton i t e r a t i o n  method. 

Numerical r e s u l t s ,  f o r  a t y p i c a l  s e c t i o n  o f  t h e  Atlas  missile,  are 

p r e s e n t e d  and compared w i t h  exper imenta l  d a t a .  C o r r e l a t i o n  of a n a l y t i c a l  

and expe r imen ta l  r e s u l t s  are good and demonst ra tes  t h e  v a l i d i t y  of t h e  

p r e s e n t  a n a l y s i s .  
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I. THEORY 

1.1 I n t r o d u c t i o n  

Th i s  r e p o r t  p r e s e n t s  a n  a n a l y s i s  and a numer ica l  method f o r  de te rmining  

t h e  e l a s t i c  pos t -wr inkl ing  behavior  of h i g h l y  p r e s s u r i z e d  c y l i n d r i c a l  and 

c o n i c a l  s h e l l s  s u b j e c t  t o  a x i a l  compression and bending l o a d s .  It is  w e l l  

known t h a t ,  f o r  th in-wal led  p r e s s u r i z e d  c y l i n d e r s  s u b j e c t  t o  bending l o a d s ,  

t h e  c o l l a p s e  load  i s  cons ide rab ly  h i g h e r  t han  t h e  i n i t i a l  w r i n k l i n g  load  

(Reference 1 and 2 ) .  Weingarten,  e t .  a l . ,  (Reference 2), noted  t h i s  r e s u l t  

from t h e i r  tes ts  of mylar  c y l i n d e r s  and cones;  however, t h e y  po in ted  ou t  

t h a t  as t h e  a p p l i e d  bending moment w a s  i n c r e a s e d ,  t h e  dep th  of  t h e  w r i n k l e s  

grew, and t h e r e  w a s  a p o s s i b i l i t y  of  f r a c t u r i n g  t h e  s h e l l  b e f o r e  t h e  

c o l l a p s e  load  w a s  a t t a i n e d .  I n  p r a c t i c a l  p r e s s u r e  s t a b i l i z e d  s t r u c t u r e s ,  

such  as t h e  At l a s ICen tau r  v e h i c l e ,  t h e  presence  of c i r c u m f e r e n t i a l  s p l i c e  

j o i n t s  f u r t h e r  i n c r e a s e s  t h e  p o s s i b i l i t y  of f r a c t u r i n g  t h e  c y l i n d e r .  They 

form axisymmetric d i s c o n t i n u i t i e s  and are t h e  a r e a s  a t  which l o c a l  wr ink l ing  

f i r s t  occu r s .  Recent bending tests of t h e  Atlas  v e h i c l e ,  (Reference 3 ) ,  

i n d i c a t e d  t h a t  t h e  A t l a s  could  b e  loaded ,  wi thout  f a i l u r e ,  w e l l  above t h e  

i n i t i a l  wr ink l ing  l o a d .  These tests showed t h a t  as t h e  bending moment was 

i n c r e a s e d  deep wr ink le s  and l a r g e  stresses developed around t h e  c i rcumfer -  

e n t i a l  s p l i c e  j o i n t s .  The re fo re ,  b e f o r e  p r e s s u r e  s t a b i l i z e d  v e h i c l e s  can be  

des igned  t o  ach ieve  t h e i r  f u l l  load-car ry ing  c a p a c i t y ,  a need e x i s t e d  t o  

a n a l y t i c a l l y  de te rmine  t h e i r  pos t -wr inkl ing  behav io r .  The pr imary o b j e c t i v e  

of t h e  p r e s e n t  i n v e s t i g a t i o n  i s  t o  p rov ide  t h e  d e s i g n e r  and stress a n a l y s t  

a n  a n a l y t i c a l  t echn ique  f o r  de te rmining  t h e  pos t -wr inkl ing  de fo rma t ions ,  

s t r a i n s  and stresses of A t l a s ICen tau r  type  s t r u c t u r e s .  

I n  o r d e r  t o  ach ieve  t h e  s t a t e d  o b j e c t i v e ,  a numer ica l  a n a l y s i s  and a 

computer program were developed t o  de te rmine  t h e  n o n l i n e a r  behavior  of  non- 

symmetr ica l ly  loaded s h e l l s  of r e v o l u t i o n .  Numerous a u t h o r s  have formula ted  

numer ica l  t echniques  t o  o b t a i n  t h e  l i n e a r  behavior  of nonsymmetr ical ly  

loaded  s h e l l s  of  r e v o l u t i o n ,  ( e . g . ,  see References 4 ,  5 ,  and 6 ) .  Some 



attention has been given to the nonlinear axisymmetric loaded shell of revolu- 

tion problem, (e.g., see References 7, 8, and 9 > ,  however, the nonlinear 

asymmetric loaded shell of revolution has not received much attention. 

Famili and Archer, (Reference l o ) ,  developed a numerical method for 
obtaining the finite asymmetric deformations of shallow spherical shells. 

Their technique consists of using a double finite difference mesh, together 

with an iteration scheme, t o  determine the asymmetric post-buckling state for 

a spherical cap under uniform external pressure. 

During the course of this investigation, the authors' attention was 

called to a recent report by Ball, (Reference 11). Ball uses a numerical 

technique similar to that presented here, but solves four second-order 

differential equations rather than the eight first-order equations as 

presented in this report. 

technique than presented in this report. The authors found that Ball's 

technique did not converge for the post-wrinkling problem. 

Ball also uses a different type of iteration 

The field equations used in this report were derived by Sanders, 

(Reference 1 2 ) ,  and are based on the assumptions of small strains and 

moderately small rotations. Following a method presented by Kalnins, 

(Reference 4 ) ,  each of the variables is expanded in a Fourier series in the 

circumferential direction, and the field equations are reduced to eight 

nonlinear first-order differential equations. Unlike the linear theory, 

the equations for each harmonic do not uncouple when coefficients of like 

trigonometric arguments are collected together. The nonlinear terms involve 

products of series, hence the Fourier harmonics become coupled. The task of 

solving these equations in the coupled form would be an enormous undertaking 

because, for the solution of any practical problem, this would involve 

solving a very large band matrix many times. For this reason, a numerical 

technique was developed whereby the harmonics are solved in the uncoupled 

form. Briefly, the solution technique consists of reducing the eight 

first-order differential equations to a system of nonlinear algebraic 

equations by the use of the finite difference method. These equations are 

then solved by a modified Newton method. The modification of the Newton 

2 



method c o n s i s t s  of r e t a i n i n g  on ly  t h e  n o n l i n e a r  terms on t h e  l e f t  s i d e  of t h e  

equa t ions  which do n o t  couple  harmonics; a l l  o t h e r  n o n l i n e a r  terms are p laced  

on t h e  r i g h t  s i d e  of t h e  e q u a t i o n s .  An i t e r a t i o n  method i s  t h e n  used on 

t r i a l  s o l u t i o n  v e c t o r s  u n t i l  t h e  s o l u t i o n  converges.  Experience i n  u s i n g  t h i s  

method has  i n d i c a t e d  t h a t ,  a t  least  f o r  t h e  c l a s s  of problems cons ide red  h e r e ,  

t h e  convergence p r o p e r t i e s  are q u i t e  good. 

To i l l u s t r a t e  t h e  a p p l i c a t i o n  of t h e  method developed i n  t h i s  r e p o r t ,  

and t o  v e r i f y  t h e  a n a l y t i c a l  method, t h e  pos t -wr inkl ing  behavior  o f  a p o r t i o n  

of t h e  A t l a s  v e h i c l e  w a s  ob ta ined .  

are compared and found t o  be i n  c l o s e  agreement. 

The a n a l y t i c a l  and expe r imen ta l  r e s u l t s  

3 



1 . 2  D e r i v a t i o n  of t h e  F i e l d  Equat ions  

1 . 2 . 1  Equat ions  of Equi l ibr ium 

The e q u a t i o n s  of e q u i l i b r i u m  f o r  a s h e l l  of r evo lu t - Jn  boundec by two 

are g iven  i n  mer id iona l  p l a n e s  and two p a r a l l e l  p l a n e s ,  F igu re  1.1 

Reference 1 2 ,  

r o t a t i o n s .  For a c o n i c a l  s h e l l  t h e s e  e q u a t i o n s  reduce t o  

based on t h e  assumptions of s m a l l  s t r a i n s  and modera te ly  s m a l l  

+ T [  1 (N+ + N e ) w ] '  + % + x = 0 
Q, 

M '  

Q, 0 r 
& + * - Q  = o  

Q, 
M' + (M - M e )  

= o  

where 

a ( ) '  = -  a ( ) '  = -  
2s ae  

The e q u i l i b r i u m  equa t ions  (1) r e p r e s e n t  t h e  sum of f o r c e s  and moments 

a c t i n g  a long  t h e  t a n g e n t s  t o  t h e  undeformed middle s u r f a c e .  The s u r f a c e  

f o r c e s  x and y a c t  i n  t h e  d i r e c t i o n  of t h e  t a n g e n t s  t o  t h e  undeformed middle  

s u r f a c e ,  b u t  a c t s  normal t o  t h e  deformed middle s u r f a c e .  

The boundary c o n d i t i o n s  cons ide red  on an edge, S = c o n s t a n t ,  are t o  
p r e s c r i b e  
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S 

l . l ( a )  Membrane Forces 
and Displacements 

S 

1.1 (b) T r a r s v e r s e  Forces 

, L l ( c )  Moments and Ro ta t ions  l . l ( d )  Su r face  Loads 

F igu re  1.1 P o s i t i v e  U i r e c t i o n  of t h e  Forces and 
Moments Acting on a S h e l l  Element 
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or v 6 N 

or w 

8 or w 9 M 

1.2.2 Constitutive Relations 

The constitutive relations f o r  an isotropic homogeneous shell are 

given by 

where 

Et3 
- v 2 >  K =  Et D =  

1 - P 2 '  

1.2.3 Strain-Displacement Relation 

The strain displacement relations are given by 

1 1 = v' + - ,2 + - E O  2 8  2 

1 1 1 
e r  2 9  2 

E .  - = - (v cos 9 + u' + w sin 9) + - u2 + - u2 

6 



r r 

where rotations and displacements are related by the equations 

r r 

w = w  0 

[w' - u sin $1 1 
w 4  r 

= - -  

1.2.4 Reduction to Eight First-Order Differential Equations 

Previous investigators, (Reference 6), and one of the present authors 

(Reference 13), have solved the linear shell of revolution equations by reducing 

the field equations to four secondrorder differential equations in terms of 

u,  v, w and M In using this formulation it was found that in certain 

classes of problems, (specifically, problems involving large inextensional 

deformations), numerical inaccuracies occurred due to the subtraction of large 

numbers of nearly equal size. These inaccuracies occured mostly in the calcu- 

lation of forces and moments near discontinuities. In order to minimize 

these errors without having to resort to a computer program written entirely 

in double precision, the present formulation reduces the field equations to 

eight first-order equations in terms of the eight variables, u, v, w, we, 

N 
equations do not involve any derivatives. Experience with using the eight 

first-order equations indicates that the inaccuracies obtained with the four 

second-order equations were eliminated, and comparisons of results from the 

4 .  

- - 
N 4 ,  Q4 and M$. In this formulation, boundary conditions and discontinuity 

4 8' 

two formulations has shown that the eight first-order equations yield more 

accurate results f o r  the same number of pivotal points. 
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The eight first-order equations have previously been used for solving 

linear shell problems, ('References 4 and 5). These authors used a numerical 
integration technique to solve these equations. 

Kalnins, (Reference 4), that the numerical integration technique does have one 

It was pointed out by 

serious liability; a l o s s  of accuracy can result when the length of the 

shell increases. This inaccuracy results from the subtraction of almost 

equal numbers in the process of determining the boundary conditions. 

Kalnins showed that this inaccuracy could be minimized by segmenting the 

shell, and thereby, integrate only over short intervals. His method of 

solution consists of finding the influence coefficients for short intervals 

by numerical integration. After determining these quantities, continuity 

conditions on all variables at the ends of contiguous intervals are 

specified and constitute a set of simultaneous equations which are then 

solved. The finite difference method does not have this type of inaccuracy 

problem, and for this reason was used in the present investigation. 

Following the method presented by Kalnins, (Reference 4), the governing 

eight first-order equations will now be derived. 

express N M and M in terms of the eight fundamental variables, u, v, 

First it is necessary to 

- e '  e - +e  
and M From equations (3), (4) and (5) one may obtain @ e '  N ~ 9  Q+ Q' W, we, N 

To eliminate the term involving u' in equation ( a ) ,  we use equations 
(2b), (3c) and (4c), i.e., 

8 



- 
$ 8  

o r  i n  terms of N 

S u b s t i t u t i n g  (9)  i n t o  (8) y i e l d s  

where 

9 g si;2 I$ 
4 D  r L =  1 + -  

The d e r i v a t i o n  of t h e  b a s i c  e i g h t  f i r s t - o r d e r  e q u a t i o n s  i n  t h e  

independent  v a r i a b l e , S ,  can now b e  ob ta ined .  From e q u a t i o n s  (2)  w e  have 

L 

S u b s t i t u t i n g  equa t ions  (12) and (13) i n t o  equa t ions  ( l a  - I d )  y i e l d s  

9 



- 
N '  a + L@ - 2 M '  + $(N6 + Ng)w ' 

9 9 r 99  1 N' + (N - N e )  I: 

- - 
+ Z w g + Y  = o  

2M'  cos++-- Q9 - (N9wg + N w ) = 0 
90 6 M' + (M - Me) 9 9 r r 

The o t h e r  f o u r  e q u a t i o n s  are ob ta ined  from e q u a t i o n s  ( 3 ) ,  ( 4 ) ,  (5) and ( 9 ) .  

Thus, equa t ions  (14) t o g e t h e r  w i t h  (6), ( 7 )  and (10) are t h e  govern ing  

d i f f e r e n t i a l  equa t ions .  

1 . 2 . 5  F o u r i e r  S e r i e s  Expansion 

The d e r i v a t i v e s  of t h e  v a r i a b l e s  .with r e s p e c t  t o  t h e  c i r c u m f e r e n t i a l  

c o o r d i n a t e  are e l i m i n a t e d  by expanding t h e  v a r i a b l e s  i n t o  F o u r i e r  series i n  

10 



the circumferential direction. In the present formulation, only symmetric 

loading about a meridional plane will be considered. 

variables have expansions of the form 

For this case the 

If we substitute equations (6), (7), (10) and (15) into equations (14), 
and collect terms of like trigonometric arguments, the governing eight first- 

order differentia? equations for any harmonic, M, are obtained 

', 

' c 

N' 

N '  
$0  

+ M' 

u' I 
! 

W' 

w '  
v' I 

e JM 
A12 etc. are 11 ' where A 

are given by 

All A12 . . . . . 
IV 

/ / w  I , p3 

p1 

p2 

M 

given in Appendix A. The terms in right-hand vector 



- - 3 +(sin2 MK 1 +jxF) - (7)  
2 L r  

3MK(1 - u )  ( s i n  $I cos  $ ) A  ( 4  1 - AM ( 9 )  
2 ~ ~ 3  M + D(l - 1-1') Ai3) + 

, ( 4 )  

P = P  = o  
'M 8M 

where the A ' s  are g iven  i n  Appendix B 

1 .2 .6  Force ,  Moment and Ro ta t ion  Equat ions 

The f o r c e s ,  moments, and r o t a t i o n s  which are n o t  i nc luded  i n  t h e  

fundamental  v a r i a b l e s  are ob ta ined ,  f o r  any harmonic,  from e q u a t i o n s  ( 2 ) ,  

(5),  ( 6 ) ,  ( 7 ) ,  (10) and (15) .  They are  

12 



r pM + K(l  - lJ 

4M 

cos (p 
r - 2Mw - 2Mw a + 2MvM 2Lr eM M r  

- 1 
r 

1 
2 
- 

(MwM -I- u sin (p) M 

+ (%+%Y cos 

In equation (18f) the term u i  may be eliminated by the use of equation (14e); 

however, it is easier to evaluate L$ by the finite difference method. 
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1 . 3  So lu t ion  Technique 

1 . 3 . 1  I terat ive Method 

Equat ions (16) are a n o n l i n e a r  se t  of f i r s t - o r d e r  d i f f e r e n t i a l  equa t ions .  

Moreover, because of the n o n l i n e a r  terms ( i . e . ,  A ' s ) ,  t h e  equa t ions  f o r  each 

F o u r i e r  index ,  M, are n o t  uncoupled as i s  t h e  case f o r  t h e  l i n e a r  a n a l y s e s .  A 

number of i t e r a t ive  methods were i n v e s t i g a t e d  f o r  s o l v i n g  t h e s e  n o n l i n e a r  

equa t ions .  The s i m p l e s t  method, which was used by B a l l ,  (Reference ll), c o n s i d e r s  

t h e  n o n l i n e a r  terms as pseudo load ing  terms. The s o l u t i o n  f o r  t h e  n t h  + 1 

i t e r a t i o n  of t h e  n o n l i n e a r  equa t ions  i s  ob ta ined  by us ing  t h e  s o l u t i o n  f o r  t h e  

t h r u  P ) .  In t h i s  n t h  i t e r a t i o n  t o  c a l c u l a t e  t h e  pseudo load  t e r m s  ( i . e ,  

t echnique  t h e  e q u a t i o n s  f o r  each F o u r i e r  i ndex  are  uncoupled s i n c e  t h e  non- 

l inear  terms are p laced  i n  t h e  r ight-hand v e c t o r .  Furthermore,  t h i s  t echn ique  

invo lves  changing on ly  t h e  r ight-hand v e c t o r  f o r  each i t e r a t i o n  and is t h e r e f o r e  

q u i t e  f a s t .  The major d i sadvantage  of t h i s  method i s  t h a t  it h a s  ex t remely  

poor convergence p r o p e r t i e s  and sometimes i t  w i l l  n o t  converge a t  a l l .  I n  f a c t ,  

when t h i s  method w a s  t r i e d  i n  t h e  p r e s e n t  i n v e s t i g a t i o n ,  i t  was found t h a t  t h e  

s o l u t i o n  d iverged .  

Rm 8 m  

Another i t e r a t i o n  method f o r  s o l v i n g  n o n l i n e a r  equa t ions  i s  Newton's 

method, (Reference 14) .  I n  Newton's method, t h e  s o l u t i o n  of t h e  equa t ions  i s  

expressed  as , the  sum of  two p a r t s .  The f i r s t  p a r t  i s  an assumed s o l u t i o n  and 

t h e  second p a r t  is  a c o r r e c t i o n  t o  t h e  assumed s o l u t i o n ,  i . e . ,  

= CYn} + CAY) 

S u b s t i t u t i o n  of e q u a t i o n  (19) i n t o  t h e  governing e q u a t i o n s  ( 1 6 ) ,  and n e g l e c t i n g  

terms which are n o n l i n e a r  i n  AY , y i e l d s  a system of l i n e a r  equa t ions  from 

which t h e  c o r r e c t i o n s ,  AY, may b e  determined.  Th i s  method u s u a l l y  h a s  good 

convergence p r o p e r t i e s  bu t  i s  q u i t e  t i m e  consuming as each i t e r a t i o n  i n v o l v e s  

changing bo th  t h e  l e f t  and r i g h t  s i d e  of t h e  governing equa t ions .  Furthermore,  

when t h i s  method i s  c a r r i e d  o u t ,  t h e  l e f t  s i d e  of t h e  equa t ions  invo lve  

coupled harmonic equa t ions  and t h e r e f o r e  t h e  complete  set of equa t ions  must 

b e  so lved  s imul t aneous ly .  The t a s k  of r e p e a t e d l y  s o l v i n g  t h e s e  e q u a t i o n s  

u n t i l  t h e  s o l u t i o n  converges r e q u i r e s  e x c e s s i v e  computat ion t i m e .  
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The method which was used i n  t h e  p r e s e n t  i n v e s t i g a t i o n  i s  e s s e n t i a l l y  a 

compromise between t h e  two methods g iven  above. 

s u b s t i t u t e d  i n t o  t h e  governing e q u a t i o n s  ( 1 6 ) ;  however, a l l  terms which coup le  

harmonics on t h e  l e f t  s i d e  of t h e  e q u a t i o n s  are omi t t ed  s o  t h a t  t h e  e q u a t i o n s  

remain uncoupled. A l so ,  i n  t h e  p r e s e n t  method, a l though  t h e  r i g h t  s i d e  of t h e  

e q u a t i o n s  are r e c a l c u l a t e d  a f t e r  each  i t e r a t i o n ,  t h e  l e f t  s i d e  of t h e  e q u a t i o n s  

are on ly  changed a f t e r  a s p e c i f i e d  number of i t e r a t i o n s ,  i . e . ,  when convergence 

of t h e  s o l u t i o n  becomes poor.  This  t echn ique  has  been found t o  work q u i t e  w e l l  

and e x h i b i t s  good convergence p r o p e r t i e s .  

In t h i s  method e q u a t i o n  (19) i s  

The fundamental  v a r i a b l e s  are expres sed  as 

S u b s t i t u t i n g  e q u a t i o n s  (20) 

+ 

M 

Au ' 
1 

Aw 

AU 

AN 

AN 

8 '  - 
$ 8 ,  

i n t o  equa t ions  (16) ,  n e g l e c t i n g  n o n l i n e a r  terms i n  

Au,bv, e tc . ,  and a l l  terms on t h e  l e f t  s i d e  of t h e  e q u a t i o n s  which coup le  F o u r i e r  

harmonics,  y i e l d  t h e  fo l lowing  set of e q u a t i o n s  f o r  any harmonic M y  

AN j .  

I AM' 

Au I 1 .  
Aw 1 

I 

!?l M 

1 5  



o r  i n  conc i se  m a t r i x  form 

where (AY) is  t h e  v e c t o r  of t h e  fundamental v a r i a b l e s  and [A*] is  t h e  m a t r i x  

of c o e f f i c i e n t s  whose terms are g iven  i n  Appendix C.  The terms of  t h e  r i g h t  

hand v e c t o r  {P*IM are t h e  governing d i f f e r e n t i a l  e q u a t i o n s  and are g iven  by 

-?I 

(5) 
R4M -I- M 

p* = 
4M 

P* = R 
'M 'M 

P* = R 
8M 8M 

where 
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R6M = - [vi - (N - UN 1 '  
D(l  - p2) 'M 'M J 

I- 

(M - I-IM R = - [aiM - 1 

8M K ( l  - p2> 'M 'M 

1.3.2 F i n i t e  D i f f e r e n c e  Represen ta t ion  

The governing f i r s t - o r d e r  d i f f e r e n t i a l  e q u a t i o n s  are now reduced t o  a system 

of a l g e b r a i c  e q u a t i o n s  by use  of t h e  f i n i t e  d i f f e r e n c e  method. One method of 

s o l v i n g  s imul taneous  f i r s t - o r d e r  d i f f e r e n t i a l  e q u a t i o n s  i s  g iven  by Fox (Refer- 

ence  as). The f i r s t  d e r i v a t i v e  of a v a r i a b l e  a t  p i v o t a l  p o i n t s ,  n and n + l ,  may 

b e  expressed  i n  terms of t h e  v a r i a b l e s  a t  t h e s e  p o i n t s ,  i . e . ,  

1 
- (Y;+l + Y;) = - d 'yn+l - 'n) E 'n+1/2 2 

where 
2 

E = O(d ) 

d = S  - s  n+l  n 

E ,  t h e  e r r o r  term i n  e q u a t i o n  (24) i s  of  t h e  o r d e r  of magnitude of t h e  spac ing  

squared.  By us ing  e q u a t i o n  (24) and n e g l e c t i n g  E ,  e q u a t i o n s  (21) may be  r ep laced  

by t h e  a l g e b r a i c  e q u a t i o n s  

17 



where, f o r  conc i seness ,  m a t r i x  n o t a t i o n  has  been used, and f o r  convenience t h e  

s u b s c r i p t  M, r e f e r r i n g  t o  t h e  F o u r i e r  i ndex ,  has  been omi t t ed .  The s u b s c r i p t s  

n and n+ l  r e f e r  t o  t h e  p i v o t a l  p o i n t s ,  and s p e c i f y  t h e  p o i n t s  a t  which [A*],  

{AY 1 and {P*) are e v a l u a t e d .  The terms i n  t h e  v e c t o r  {F)  are g iven  by 

2 L 
2 + - - I N  - M N  

R r  
R 

R=n d R ;  4 %  O R  

R r 

J.J 
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1 n+l 

R=n 
F = - . E  $ [ ~ W ~ + W ~ ,  7 

where d = - (Sn+l - Sn) for R = n 

for R = n+l 

R 
- 

n) dR - (sn+l - s 

and the subscript M, referring to the Fourier index, has been omitted for 
convenience. 

Equations (25) may be considered as the result of applying the 

differential equations at a point half-way between the pivoted points n and 

n+l. If there are n pivotal points, there are 8n unknowns. The use of 

equation (25) at every internal half-way point gives 8(n-1) equations, and the 

remaining eight equations are obtained from the boundary conditions. 

1 . 3 . 3  Discontinuity Equations 

In most practical shell problems, discontinuities in geometry occur. 
The differential equations (25) are not valid at discontinuities because at 

these points the variables may be discontinuous. Accordingly, special transi- 

tion equations must be derived which maintain continuity of forces, moments, 

and displacements across the discontinuity. Discrete rings and line load6 

are also included in the derivation of the discontinuity equations. 

A typical discontinuity is illustrated in Figure 1.2. In this model 
two unequal angle cones are connected together by an elastic support. A 

total of eight equations are needed to specify continuity of displacements 

and rotations and equilibrium of forces and moments at the discontinuity. 

For what follows, the superscripts, q and q+l, refer to the conical shell 

segment forces and displacements on either side of the discontinuity. The 
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1.2(a) Positive Direction of the Forces Acting at the Discontinuity Point 

& A s  NS 
Y' Y 

1 .2 (b )  Positive Direction of the Forces Acting on the  Elastic Support 

Figure 1.2 Typical Discontinuity Point 
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applied line loads will be denoted by the superscript,:'a", and the forces and 
moments acting on the shell due to elastic support are denoted by the super- 
cript, l l s l l .  Equilibrium of forces and moments at the discontinuity requires 

that 

a 
= r (N: sin 9 - N~ cos 9 

4 y  4 

q-tl - +q where J, = 4 

In equations (27) the applied line loads are assumed to be applied at the 

end of segment q (i.e., r 
is in keeping with the assumption of moderately small rotations. 

forces will now be expressed in terms of the displacement of the last point 

in segment q. The stiffness matrix for the elastic support is (see Figure' 
1.2 for the positive sign conventions) 

a 
= rq). The nonlinear term in equations (27d) 

The support 
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or in matrix form 

S 

The displacements of the c.g. of the support are related to the 

displacements of the last point of segment q by the equations. 

where 

U 

I *  = 

- 

S e r 
= 1 + -  11 rq a 

h s  
=:-  rq (er cos I$ + es sin I$ I 

12 4 Y  4 
a 

M s  S - -  - r4 (er sin I$ - e cos I$,) 
al 3 4 Y  

= sin I$ 
'a22 4 

= -  cos I$ 
a23 q 

'S a24 = e  I r 

= cos I$ 
a32 4 
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= sin 4 
33 4 
a (31) 

(cont . ) 
S - - -e 

a34 Y 

= 1.0 a44 

All other "all coefficients are zero. Substituting equation (30) into 

(29) and multiplying the resultant equation by [a] 

between the support forces and the displacements of segment q .  

T yields the relations 

where 

Substituting equation (32) into equation (27) gives the governing 

equilibrium equations at the discontinuity 

S 4+1 
.$ (k uq + k vq + k13wq + k14w:) + 8 - = 
r 11 12 $0  r 9  $0 4 0  

S 
% (k uq + k v4 + k23wq + k24w:) + Nq 
r 21 22 $ 

S - r (k31uq + k vq + k33wq + k34u:) + 3 
r4 32 0 

(34) 

q+l r 
rq 4 q Y  4 

(-N:+' sin + ?+l cos J , )  = N: sin 4 - pa cos 4 - -  
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q+l q+l 4 9 r M  
S r - (k41uq + k v + k w + k44u:) + Mq - - rq 42 43 4 rq + (34) 

(cont . ) 

+ ~q+' cos + + e sin @q+l) 
(er 4+1 Y 

The continuity equations for displacements and rotations are given by 

co'~ 0 + e sin 4 v' M e 

4 Y  4 [l + 4 uq + 7 (er 

q+l sin 4 - e cos 4 ) wq - u M 
f -  
rq (er 4 Y  4 

(35) 

= o  

wq - (er cos + e sin 4 u: + vq+l sin ~i - wq+l cos $ = o 
q Y  q 

Finally, as in Section (3.1), substituting equations (20) into (34) and 

(35), neglecting nonlinear terms for the corrections AY, and all terms on 

the left side of the equations which couple Fourier harmonics, yields the 

discontinuity equations for the corrections to the fundamental variables. 

These equations will not be given since they are obtained in a straight 

forward manner. I 
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1.3 .4  S o l u t i o n  o f  t h e  Algebra ic  Equat ions 

The manner by which t h e  boundary c o n d i t i o n s ,  d i s c o n t i n u i t y  e q u a t i o n s ,  

and t h e  e i g h t  e q u a t i o n s  a t  each i n t e r i o r  p o i n t  are cast  i n t o  a complete  

s e t ,  and t h e  method of s o l v i n g  t h e s e  e q u a t i o n s  w i l l  now be d i s c u s s e d .  

I n  g e n e r a l ,  compl ica ted  s h e l l  problems posses s  d i s c o n t i n u i t i e s  and t h e r e f o r e  

must b e  segmented as shown i n  F igure  1.3a. The governing equa t ions  f o r  each 

segment are ob ta ined  by subd iv id ing  t h e  segment i n t o  s m a l l  i n t e r v a l s  as 

shown i n  F igu re  1.3b. 

v a r i a t i o n s  of t h e  s o l u t i o n  occur .  Thus, i n  t h e  computer program developed 

f o r  t h i s  a n a l y s i s ,  smaller i n t e r v a l s  may b e  s p e c i f i e d  nea r  d i s c o n t i n u i t y  

and boundary p o i n t s .  

Normally, smaller i n t e r v a l s  a r e  needed where r a p i d  

The a l g e b r a i c  equa t ions  f o r  any harmonic are p laced  i n  t h e  form shown 

i n  F i g u r e 1 . 3 ~ .  

f o r  t h e  f i r s t  p o i n t  of segment 1. The next  8(n-1) equa t ions ,  (n = number 

of p o i n t s  i n  segment l), are t h e  i n t e r i o r  p o i n t  e q u a t i o n s  ( 2 5 ) .  E igh t  

d i s c o n t i n u i t y  e q u a t i o n s  are  then  used t o  connect  segments 1 and 2 ,  e tc .  

The f i r s t  f o u r  equa t ions  cor respond t o  boundary c o n d i t i o n s  

When t h e  complete  se t  of e q u a t i o n s i s  w r i t t e n  i n  m a t r i x  n o t a t i o n ,  

i t  can be  seen  t h a t  a l l  non-zero terms of t h e  m a t r i x  c l u s t e r  about  t h e  main 

d i agona l .  Th i s  t y p e  of m a t r i x  i s  c a l l e d  a band m a t r i x ,  and may be r a p i d l y  

so lved  by a computer.  For t h e  p r e s e n t  fo rmula t ion ,  each row of t h e  m a t r i x  

c o n t a i n s  on ly  1 6  t e r m s .  Furthermore,  t h e r e  are  a maximum of 11 non-zero 

terms t o  t h e  l e f t  o r  r i g h t  of t h e  main d i agona l .  E f f i c i e n t  computer 

s t o r a g e  may b e  ob ta ined  by s t o r i n g  t h e  c o e f f i c i e n t s  of t h i s  matrix i n  a 

r e c t a n g u l a r  a r r a y  wi th  t h e  column of main d i agona l  terms placed  i n  t h e  middle  

of t h e  a r r a y .  

I n  t h e  developed computer program, t h e  Gaussian e l i m i n a t i o n  method, 

(Reference 16 ) ,  w a s  used t o  s o l v e  t h e  a l g e b r a i c  equa t ions .  

now be b r i e f l y  d e s c r i b e d .  Consider t h e  system of s imul taneous  e q u a t i o n s  

T h i s  method w i l l  

[AI { Y I  = { P I  (36) 

where [A]  i s  a band m a t r i x .  The method of s o l v i n g  equa t ions  (36) f o r  ( Y )  

i s  b a s i c a l l y  t h a t  of t r i a n g u l a r i z i n g  [ A ]  by Gaussian e l i m i n a t i o n .  T h i s  
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i s  done by performing row o p e r a t i o n s  on [A] and {PI .  Mathemat ica l ly ,  

t h i s  can  be  expressed  by t h e  m u l t i p l i c a t i o n  of  b o t h  s i d e s  of  e q u a t i o n  (36) 

by a m a t r i x  [L] such  t h a t  

where [ U ]  i s  an  upper t r i a n g u l a r  matrix. Thus one o b t a i n s  

where 

{CI = [LICPI 

S ince  [LT] i s  a n  upper  t r i a n g u l a r  m a t r i x ,  t h e  s o l u t i o n  of equa t ions  (39)  

i s  e a s i l y  ob ta ined  by back s u b s t i t u t i o n .  By s a v i n g  t h e  upper t r i a n g u l a r  

m a t r i x  [ U ]  and t h e  m a t r i x  [L] ,  t h e  s o l u t i o n  f o r  any new r ight-hand v e c t o r ,  

{ P I ,  may be e a s i l y  determined.  

I n  s o l v i n g  t h e  n o n l i n e a r  s h e l l  problem, t h e  method desc r ibed  above i s  

used t o  o b t a i n  t h e  c o r r e c t i o n s  t o  t h e  s o l u t i o n  v e c t o r  f o r  each harmonic M. 

A f t e r  a new s o l u t i o n  f o r  any harmonic h a s  been o b t a i n e d ,  it i s  used i n  t h e  

c a l c u l a t i o n  of t h e  new r i g h t  hand v e c t o r s  f o r  succeeding  harmonics.  Th i s  

t y p e  of procedure  i s  similar t o  a Gauss-Seidel i t e r a t i o n  method and w a s  

found t o  work q u i t e  w e l l .  A complete d e s c r i p t i o n  of t h e  i t e r a t i o n  method 

w i l l  now b e  g iven .  

1 . 3 . 5  I t e r a t i o n  Procedure 

The t echn ique  f o r  de te rmining  t h e  n o n l i n e a r  s o l u t i o n  can b e s t  

b e  desc r ibed  i n  a s tep-by-step manner. Th i s  w i l l  b e  done by o u t l i n i n g  t h e  

t echn ique  used i n  t h e  computer program developed f o r  t h i s  i n v e s t i g a t i o n .  

1. The f i r s t  s t e p  toward o b t a i n i n g  t i le complete  s o l u t i o n  i s  t o  f i n d  

t h e  n o n l i n e a r  s o l u t i o n  due only  t o  axisymmetr ic  l oad ing .  The 

i t e r a t i v e  method used f o r  t h i s  c a s e  i s  e s s e n t i a l l y  t h e  Newton 
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Method. A l i n e a r  s o l u t i o n  t o  equa t ions  (25)  i s  f i r s t  ob ta ined ,  

f o r  harmonic M = 0 ,  by s e t t i n g  t h e  p r i o r  s o l u t i o n  e q u a l  t o  ze ro .  

This  s o l u t i o n  i s  t h e n  used t o  c a l c u l a t e  t h e  new r ight -hand v e c t o r  

and t o  r e b u i l d  t h e  "A*" c o e f f i c i e n t s  ( s e e  Appendix C ) .  The 

complete  se t  of  a l g e b r a i c  equa t ions  are t h e n  r e b u i l t  and so lved  

t o  o b t a i n  t h e  c o r r e c t i o n s  { A Y } .  This  i t e r a t i v e  t echn ique  ( c a l l e d  

a " s p e c i a l  i t e r a t i o n " )  i s  r epea ted  a s p e c i f i e d  number of t i m e s .  

2 .  A f t e r  t h e  axisymmetr ic  s o l u t i o n  is  ob ta ined ,  i t  i s  used t o  

c a l c u l a t e  t h e  "A*'' c o e f f i c i e n t s  f o r  a l l  harmonics under  c o n s i d e r a t i o n .  

3. The governing e q u a t i o n s  f o r  a l l  harmonics are  ob ta ined  and so lved  

t o  de te rmine  t h e  matrices [ U ]  and [ L ] .  These matrices are 

r e t a i n e d  so  t h a t  t h e  s o l u t i o n ,  due t o  any r ight-hand v e c t o r ,  may 

be ob ta ined  by t h e  method desc r ibed  i n  Sec t ion  1 . 3 . 4 .  

4 .  The nex t  i t e r a t ive  method ( c a l l e d  an  "o rd ina ry  i t e r a t i o n " )  

c o n s i s t s  of de te rmining  t h e  s o l u t i o n  f o r  each  harmonic,  s t a r t i n g  

w i t h  M = 0,  f o r  t h e  f i r s t  p r e s c r i b e d  nonsymmetric l o a d  level .  

A s  t h e  new s o l u t i o n  f o r  each harmonic i s  o b t a i n e d ,  i t  i s  used 

t o  c a l c u l a t e  t h e  new r ight-hand v e c t o r  f o r  succeeding  harmonics .  

When a l l  harmonics have been processed ,  t h e  c o r r e c t i o n s  t o  t h e  

s o l u t i o n s  f o r  a l l  harmonics are compared w i t h  t h e  sum of t h e  

s o l u t i o n s  of a l l  harmonics.  I f  t h e  r a t i o  i s  l a r g e r  t han  a 

s p e c i f i e d  number, s t e p  4 i s  r epea ted  u n t i l  e i t h e r  t h e  s o l u t i o n  

s a t i s f i e s  t h e  convergence c r i t e r i a  o r  a s p e c i f i e d  maximum 

number o f  i t e r a t i o n s  have been exceeded. 

5. I f  t h e  s o l u t i o n  h a s  n o t  converged a t  t h i s  t i m e ,  t h e  program w i l l  

p r i n t  t h e  r e s u l t s  s o  f a r  ob ta ined  and s t o p .  Two cho ices  are then  

a v a i l a b l e  t o  t h e  u s e r .  He may e i t h e r  reduce  t h e  load  l e v e l  and 

t h e  magnitude of t h e  l o a d i n g  increments ,  and res ta r t  t h e  program 
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a t  s t e p  4 ,  o r  he may a s k  t h a t  t h e  s o l u t i o n  ob ta ined  a t  t h i s  t i m e  

be used t o  r e b u i l d  t h e  govern ing  equa t ions .  I f  t h e  l a t t e r  c a s e  

i s  used ,  t h e  program may b e  r e s t a r t e d  a t  s t e p  2 ( c a l l e d  a n  "Update 

Option") .  Normally, t h e  l a t t e r  case i s  needed when l a r g e  n o n l i n e a r  

deformat ions  have occurred .  

6 .  F i n a l l y ,  a f t e r  t h e  s o l u t i o n s  have converged, t h e  l o a d i n g  i s  

incremented and t h e  procedure  i s  r epea ted  s t a r t i n g  a t  s t e p  4 .  
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1 . 4  I l l u s t r a t i v e  Problem 

The p r e s e n t  computer program (POWRS) w a s  used t o  de te rmine  t h e  p o s t -  

w r i n k l i n g  behav io r  of a t y p i c a l  s e c t i o n ,  (around S t a t i o n  783.44),  of t h e  

Atlas m i s s i l e .  

s e c t i o n  c o n s i s t s  of  two c y l i n d e r s  j o i n e d  t o g e t h e r  by an ove r l ap  s p l i c e  

j o i n t .  The model f o r  t h i s  s t r u c t u r e  i s  shown i n  F igure  1 .4b .  B a s i c a l l y ,  

t h e  model c o n s i s t s  of t h r e e  s h e l l  segments and two e l a s t i c  r i n g s  j o i n e d  t o  

t h e  c y l i n d e r s  a t  p o i n t  ( c )  and ( d ) .  

The c y l i n d r i c a l  s e c t i o n  i s  shown i n  F igu re  1 .4a .  The 

I n  de te rmining  t h e  mathematical  model f o r  t h i s  s t r u c t u r e ,  i t  w a s  

necessa ry  t o  make a number of  assumptions concerning t h e  s h o r t  c y l i n d e r s  

A and B ( s e e  F igure  1 . 4 a ) .  Both c y l i n d e r s  were s h o r t  enough s o  t h a t  t h e y  

could  b e  r e p r e s e n t e d  as e las t ic  r i n g s .  Ring s t i f f n e s s  c o e f f i c i e n t s  f o r  

t h e s e  c y l i n d e r s  were obta ined  u s i n g  t h e  expres s ions  g iven  by Cohen, 

(Keference 1 7 ) .  

manners. Due t o  t h e  e x t e r n a l  l o a d s ,  c y l i n d e r  A s e p a r a t e s  from t h e  o u t s i d e  

c y l i n d e r  (segment l), bu t  c y l i n d e r  B remains i n  c o n t a c t  w i th  segment 3 .  

The e f f e c t  i s  t h a t  t h e  f o r c e s  a c t i n g  on c y l i n d e r  A a r e  a p p l i e d  a t  discon-  

t i n u i t y  ( c )  which i s  o f f s e t  from i t s  c . g . ,  b u t  t h e  r e s u l t a n t  f o r c e s  a p p l i e d  

t o  c y l i n d e r  B pas s  c l o s e  t o  i t s  c .g .  To account  f o r  t h i s  d i f f e r e n c e ,  i t  

was assumed t h a t  t h e  c . g .  of c y l i n d e r  B w a s  l o c a t e d  a t  d i s c o n t i n u i t y  ( d ) ,  

and t h e  c.g.  of c y l i n d e r  A w a s  t aken  as i t s  geometr ic  l o c a t i o n .  Although 

o t h e r  mathemat ica l  models f o r  t h i s  problem may be  de te rmined ,  i t  was f e l t  

t h a t  t h e  p r e s e n t  model would most c l o s e l y  r e p r e s e n t  t h e  l o c a l  behav io r  of 

t h i s  s e c t i o n .  

However, when loaded ,  t h e  two c y l i n d e r s  behave i n  d i f f e r e n t  

A t o t a l  o f  1 3 7  p i v o t a l  p o i n t s  w e r e  used i n  t h e  mathemat ica l  model of  

t h e  s t r u c t u r e .  Segment 1 w a s  d i v i d e d  i n t o  50 i n t e r v a l s ,  segment 2 had 15 

i n t e r v a l s  and segment 3 had 70 i n t e r v a l s .  S m a l l e r  i n t e r v a l  s i z e s  were used 

n e a r  t h e  d i s c o n t i n u i t y  and boundary p o i n t s  because of t h e  r a p i d  v a r i a t i o n  of 

t h e  s o l u t i o n  i n  t h e s e  a r e a s .  
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The l o a d i n g  was i d e n t i c a l  t o  t h a t  of Reference 3. The i n t e r n a l  

p r e s s u r e  a t  t h i s  s e c t i o n  w a s  31.70 p . s . i . ,  t h e  axisymmetric mer id iona l  l o a d  

was 519 l b / i n ,  and a bending moment from 0 t o  10.2 x 10 

t o  t h e  s e c t i o n .  

6 i n - lb  w a s  a p p l i e d  

The boundary c o n d i t i o n s  a t  p o i n t  (a )  corresponded t o  symmetry c o n d i t i o n s .  

Boundary c o n d i t i o n s  a t  p o i n t  (b) corresponded t o  a r i g i d  r i n g  which, p r i o r  t o  

be ing  loaded  by a bending moment, w a s  al lowed t o  deform r a d i a l l y  due t o  t h e  

p r e s s u r e  loading.  

r i g i d  r ing a t  p o i n t  (b ) .  

a n a l y s i s  ( i . e . ,  M = 0 t h r u  M = 6 ) .  

The bending moment and a x i a l  l oad  were a p p l i e d  t o  t h e  

A t o t a l  of seven Four i e r  harmonics were used i n  t h i s  

An approximate a n a l y s i s  f o r  p r e d i c t i n g  t h e  o v e r a l l  behav io r  of  t h e  

post-wrinkled Atlas missi le  w a s  given by Peery  (Reference 18).  

assumes t h a t  t h e  e x t e r n a l  moment i s  r e s i s t e d  by a mer id iona l  f o r c e  which h a s  

a "cos e" v a r i a t i o n  i n  t h e  unwrinkled p a r t  of t h e  c r o s s - s e c t i o n  of t h e  c y l i n d e r ,  

and a c o n s t a n t  mer id iona l  f o r c e  equa l  t o  t h e  c r i t i c a l  compressive f o r c e  

Th i s  a n a l y s i s  

i n  t h e  wr inkled  area. Wrinkling, of t h e  c y l i n d r i c a l  s e c t i o n  i s  assumed t o  

occur  when t h e  compressive mer id iona l  f o r c e  e q u a l s  N 

problem, t h i s  would occur  a t  a bending moment of 6 .75  X l o 6  i n - l b .  

found from t h e  tests of Reference  3,  and t h e  a n a l y s i s  g iven  h e r e ,  t h a t  t h i s  

w a s  a good r e p r e s e n t a t i o n  of t h e  way t h e  c y l i n d e r  behaved. 

For t h e  p r e s e n t  C'  
It was 

F igures  1 .5  t h r u  1 .9  show t h e  c i r c u m f e r e n t i a l  v a r i a t i o n  of t h e  

mer id iona l  f o r c e  i n  segment 1 f o r  i n c r e a s i n g  v a l u e s  of  t h e  bending moment. 

These cuSves show t h e  c i r c u m f e r e n t i a l  growth o f  t h e  w r i n k l i n g  a n g l e  as t h e  

load  i n c r e a s e s .  Values of  t h e  w r i n k l i n g  a n g l e ,  determined by Peery 

(Reference 18 ) ,  are a l s o  shown on each f i g u r e .  Th i s  a n g l e  is  determined from 

t h e  equa t ion  

(IT - e ) + s i n  e COS e M W W W - =  
2 [ s i n  Ow + ( T  - 8 ) cos Ow] p1 W 
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where 

P = 2ar(I\TM + Nc) 

NM = axisymmetric mer id iona l  f o r c e  

1 

Figures  1.10 t h r u  1.14 g i v e  t h e  mer id iona l  v a r i a t i o n  of t h e  

c i r c u m f e r e n t i a l  f o r c e ,  Ne, i n  segment 1, f o r  t h r e e  c i r c u m f e r , e n t i a l  a n g l e s ,  0 .  

Since t h e  c i r c u m f e r e n t i a l  f o r c e  behaves s i m i l a r i l y  t o  t h e  r a d i a l  deformat ion ,  

t h e s e  curves r e f l e c t  t h e  growth of t h e  deep w r i n k l e s  a long  t h e  mer id ian  and 

around t h e  c i rcumference  of t h e  s h e l l .  Theta e q u a l  t o  0 cor responds  t o  

t h e  maximum compressive f o r c e  mer id ian .  

Figures  1.15 t h r u  1.24 show t h e  mer id iona l  and c i r c u m f e r e n t i a l  bending 

moments, i n  segment 1, (M+ and M e ,  r e s p e c t i v e l y )  as a f u n c t i o n  of t h e  

mer id iona l  d i s t a n c e .  

due t o  t h e  deep w r i n k l e s .  

These curves show t h e  i n c r e a s e  i n  t h e  bending stress 

Mer id iona l  and c i r c u m f e r e n t i a l  stresses ob ta ined  from t h e  p r e s e n t  

a n a l y s i s  and t h e  tes t*  of  Reference  3 ,  a r e  shown i n  F igu res  1.25 t h r u  1.30. 

The comparisons a t  i n t e r m e d i a t e  va lues  of t h e  bending moment are q u i t e  good 

c o n s i d e r i n g  t h a t  a t  bending  moments g r e a t e r  t h a n  7.4 X l o 6  in - lb ,  a 5% 

e r r o r  i n  t h e  a p p l i e d  moment causes  a 20% e r r o r  i n  stresses. 

t h e  c i r c u m f e r e n t i a l  stress away from t h e  j o i n t  a t  ze ro  moment could n o t  be  e x p l a i n e d .  

T h e o r e t i c a l l y ,  t h e  stress should  have been a pure  membrane stress of  

The d i sc repencey  i n  

PR (30.69)(60) - 0 = - -  - - e t ,017 

and t h e  low v a l u e  g i v e n  by t h e  tes t  must be  

The d i f f e r e n c e  i n  r e s u l t s  a t  h i g h  v a l u e s  of 

i08, ,000 p . s . i .  

a t t r i b u t e d  t o  exper imenta l  e r r o r s .  

t h e  bending moment w e r e  probably  due 

t o  t h e  n o n l i n e a r i t y  of t h e  material p r o p e r t i e s .  

EH s t a i n l e s s  s teel  which e x h i b i t s  a l a r g e  n o n l i n e a r  s t r e s s - s t r a i n  r e l a t i o n s h i p  

above 160,000 p s i .  
6 8.5 X 10 

The c y l i n d e r s  were made of 301 

One can t h e r e f o r e  expec t  t h a t  a t  bending moments g r e a t e r  t h a n  

i n - l b s ,  t h e  expe r imen ta l  r e s u l t s  should  g i v e  h i g h e r  s t r a i n s ,  and 

* This  d a t a  has  n o t  y e t  been pub l i shed ,  and was o b t a i n e d  i n  a p r i v a t e  
communication from R. P. Miller. 
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t h e r e f o r e  h ighe r  stresses, when t h e  d a t a  i s  reduced us ing  a l i n e a r  stress- 

s t r a i n  l a w .  Another p o s s i b l e  r eason  f o r  some d i f f e r e n c e  i n  a n a l y t i c a l  and 

expe r imen ta l  r e s u l t s  is t h a t  301 EH s t a i n l e s s  steel has a d i f f e r e n t  

modulus of  e l a s t i c i t y  i n  t h e  mer id iona l  and c i r c u m f e r e n t i a l  d i r e c t i o n  w h i l e  

t h e  p r e s e n t  a n a l y s i s  assumes a n  i s o t r o p i c  homogeneous material. 

The a n a l y s i s  showed t h a t  t h e  maximum stress occur red  on t h e  o u t s i d e  

s u r f a c e  of segment 1 a t  a d i s t a n c e  1 . 7  inches  from t h e  d i s c o n t i n u i t y  p o i n t  

(c). 

p o i n t .  The stresses a t  t h i s  p o i n t  do become q u i t e  h i g h ,  and t h u s  the 

c y l i n d e r  may indeed r u p t u r e  b e f o r e  t h e  c o l l a p s e  load  is a t6a ined .  

F igu re  1.31 shows t h e  a n a l y t i c a l  and expe r imen ta l  stresses a t  t h i s  

The r a d i a l  deformat ions  i n  t h e  neighborhood of t h e  ove r l ap  s e c t i o n  a r e  

shown i n  F igu res  1 .32 and 1.33. 

r e s u l t s  are good a t  i n t e r m e d i a t e  moments. A t  h i g h e r  moments t h e  d i sc repancy  

i s  a g a i n  probably due  t o  material  p r o p e r t y  n o n l i n e a r i t i e s .  

C o r r e l a t i o n  of expe r imen ta l  and a n a l y t i c a l  

F i n a l l y ,  F igu re  1 .34  g i v e s  t h e  end s h o r t e n i n g  of t h e  9 = 0 mer id i an  as 

a f u n c t i o n  of  t h e  a p p l i e d  bending moment. 

o f  t h e  c y l i n d e r  may b e  ob ta ined  from t h i s  curve  by us ing  t h e  Southwell  

method. . P l o t t i n g  6 / M  vs. 6 i s  shown i n  F igure  1 .34 ,  and t a k i n g  t h e  i n v e r s e  

o f  t h e  s l o p e  of t h e  r e s u l t i n g  curve ,  g i v e s  a c o l l a p s e  load  o f  13.0 X l o 6  i n / l b .  

Th i s  v a l u e  i s  only  s l i g h t l y  below Pee ry ' s  r e s u l t s  which p r e d i c t s  t h a t  c o l l a p s e  

occurs  when t h e  complete  c y l i n d r i c a l  c r o s s - s e c t i o n  i s  wr ink led  ( i . e . ,  9 = T ) ,  

and y i e l d s  a c o l l a p s e  moment of  13.5 X 1 0  i n / l b .  

An estimate o f  t h e  c o l l a p s e  load 
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1 . 5  Conclusions and Recommendations 

The conc lus ions  obta ined  i n  t h e  p r e s e n t  i n v e s t i g a t i o n  may b e  

summarized as fo l lows  : 

1. 

2. 

3. 

The method of  s o l u t i o n  p resen ted  i n  t h i s  r e p o r t  h a s  been  shown t o  

y i e l d  good a n a l y t i c a l  s o l u t i o n s  t o  geomet r i ca l ly  compl ica ted  

axisymmetric s h e l l s  s u b j e c t  t o  nonsymmetric l oad ing .  

The s o l u t i o n  of t h e  A t l a s  pos t -wr inkl ing  problem i n d i c a t e s  t h a t  

p r e s s u r e  s t a b i l i z e d  s t r u c t u r e s  can indeed b e  loaded  w e l l  above 

t h e  i n i t i a l  w r i n k l i n g  load .  However, t h e  a n a l y s i s  d i d  show t h a t  

a t  bending moments approximate ly  50% g r e a t e r  t h a n  t h e  i n i t i a l  

wr ink l ing  l o a d ,  t h e  stresses around t h e  c i r c u m f e r e n t i a l  s p l i c e  

j o i n t s  do become l a r g e .  

The a n a l y t i c a l  r e s u l t s  p r e d i c t e d  t h a t  if t h e  material remained 

e l a s t i c ,  t h e  c o l l a p s e  moment would b e  approximately 1 .93  t i m e s  t h e  

moment a t  which w r i n k l i n g  f i r s t  occurs .  

It i s  recommended t h a t  f u t u r e  work i n  t h i s  area should  i n c l u d e  t h e  

fo l lowing  : 

1. 

2. 

3. 

To p r e d i c t  t h e  u l t i m a t e  load  c a r r y i n g  c a p a c i t y  of  t h e  A t l a s  m i s s i l e ,  

t h e  p r e s e n t  a n a l y s i s  should  b e  extended t o  i n c l u d e  material  p r o p e r t y  

n o n l i n e a r i t y  and p l a s t i c i t y  effec: ts .  

The p r e s e n t  a n a l y s i s  may e a s i l y  be  extended t o  i n c l u d e  s h e l l s  o f  

a r b i t r a r y  geometry. It i s  t h e r e f o r e  recommended t h a t  t h e  computer 

program be  modif ied t o  i n c l u d e  o t h e r  geometr ics .  

One comment, concern ing  computat ion t i m e ,  must b e  g iven  t o  t h e  

p o t e n t i a l  u s e r  of t h i s  computer program. The program w a s  w r i t t e n  

t o  o p e r a t e  on t h e  7094 computer. 

t o  op t imize  t h e  running  t i m e ,  the complexi ty  of  t h e  a n a l y s i s  made 

i t  necessa ry  t o  use  many t a p e s .  The sample problem p resen ted  i n  

t h i s  r e p o r t  involved a t o t a l  of 7,672 fundamental  v a r i a b l e s ,  and 

r equ i r ed  a t o t a l  of 2.5 hours  of  7094 t i m e  t o  o b t a i n  t h e  complete  

s o l u t i o n  h i s t o r y .  T h i s  t i m e  can  b e  g r e a t l y  reduced by us ing  a 

t h i r d  gene ra t ion  computer and f a s t e r  secondary s t o r a g e  dev ices .  

Although every  e f f o r t  w a s  made 
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Appendix A 

The c o e f f i c i e n t s  c of  ma t r ix  [A] ,  equa t ions  (16) are 

2 cos Q = - M D ( l - l J )  2 
r A12 

= - M ( l  - 1 . 1 ~ )  [. + 91 r A1 3 

2 s i n  4 cos Q 
3 = - M K ( l -  1.I 

2 cos Q 

A14 r 

A15 = r 

M A16 = -1.I - r 

- ~.IM 
s i n  4 

r 

A21 = -m(1 - p 
r 

A2* = - - k(1 - 1.1 ) cos2 Q + 2M K(l - p) 

- - 

2 cos Q 

2 

L r  

1 2 2 s i n  9 
2 r 2 

p(1 - p2) - 2M 
Lr 

s i n  Q cos Q 
2 A23 = - 

r 

2 s i n  4 = 2M K ( l  - 1.1) 
r L  A24 

3K s i n  
2 DLr 
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L r  

2 (1 - 2 4 

A33 = - [ D ( 1  - p ) s i n  2 9 + 2M K u) cos + M K ( i  - u 2 ) ]  

s i n  9 cos @ 
2 A32 = - 

r 

2 

r L r  r 

A35 
- 3MJ.C s in  9 cos 9 
DLr 3 

s i n  9 
r A36 = -?J 

cos 9 
A37.  = r 

M21J A38 - - 2 r 

2 s i n  9 cos 9 
L r  

3 A41 = -MK(1 - u ) 

2 
2M K ( 1  - V )  sin 

3 L r  A42 

M 2 K cos 9 [(l - u2)  +-] 
3 L -  A43 = - 

r 

1 2 2 2M2 A44 = - 5 [(l - 1-1 ) cos 9 + ~ ( 1  - u)  
r 

3MJ.C s i n  9 
2 LDr A45 = 

A47 = -1.0 

A 4 i  = u ( 1  r - 
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sin2 $ 3  A52 - - - [I - - 2 
- M 3K 

4 Dr Lr 

3MK sin 4 cos 4 - 
A53 - -; 3 

- - -  - 3MK2 sin 4 
A54 LDr 

A,4 = 1.0 

All other "A" coefficients are zero. 
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Appendix B 

The n o n l i n e a r  terms i n  e q u a t i o n s  (17), may b e  o b t a i n e d  by expanding 

t h e  product  of two F o u r i e r  series i n t o  a t h i r d  F o u r i e r  series. 

t h e r e  are t h r e e  types  of series expans ions  as follows: 
I n  g e n e r a l ,  

I. Given: 
m m 

A = 4( cos k e  , B = 1 Bk s i n  k0 
k=o !bo  

Determine : 
m m 

A'B = %BR COS k0 cos Re 
k=o k o  

m m 

= % B R [ c o s ( k  - & ) e  + cos (k  + & ) e ]  
m=o k o  

I m 

= A B  0 0  + T  ~ F A ~ B ~  + E  
j=1 AoBM+ %?o + 2 [AjBWj + % + j B i  

j=l M = l  

1 

11. Given: 
m 
c 

m 
.- 

A = % s i n  ke , B = 1 B~ s i n  R e  
k = l  R= 1 

m 
Find : 
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111. Given: 

m 

A = f 4, cos ke , B = 1 BRsin  2.8 
k=o R = l  

Find : 
w w  

The terms i n v o l v i n g  p roduc t s  of  series are now de termined ,  f o r  each harmonic M, 

by us ing  equa t ions  ( B l ) ,  (B2) and ( B 3 ) .  
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W 

= (1 - %I[+ (a2 + $)I J 
j=1 4j 
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1 w + N  w 0 
'e(M+j) 'j ' (M+j 1 j 

+ N  

+ty[N w - N  w 
j-1 - 'j '(M-j) 'ej '(M-j) 

I w - N  0 
"(M-j) w'j] \ '(M-j) j 

+ N  

2 2 ( 6 )  = (w + w I M  AM 
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a, 

= (1- s,) z E + T  1 L - - 1  Z , E  ' 
[ T O  j = l  J j j  

w h e r e  

-- M-1 

CM = 0 

CM = 1 

f o r  M = 0 

f o r  M 21 
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Appendix C 

The c o e f f i c i e n t s  of t h e  matrix [A*] are g iven  i n  t h i s  appendix. For s i m p l i c i t y ,  i n  

t h e  d e r i v a t i o n  of t h e s e  c o e f f i c i e n t s  t h e  n o n l i n e a r  term e) w a s  n o t  i n c l u d e d ,  and 

t h e  f o r c e  f 
i nc luded  i n  some n o n l i n e a r  s h e l l  t h e o r i e s  and N i s  approximate ly  e q u a l  t o  f o r  

t h i n  s h e l l  problems. 

c i e n t s ,  and i s  c o n s i s t e n t  w i t h  t h e  i t e r a t i o n  method. I n  t h i s  method, t h e  m a t r i x  [A*] 

is  n o t  r e c a l c u l a t e d  f o r  each  i t e r a t i o n ,  b u t  on ly  when convergence becomes poor ,  and 

need n o t  b e  e x a c t .  

made i n  d e r i v i n g  t h e  r i g h t  s i d e  of e q u a t i o n s  ( 2 2 ) ,  and hence t h e  converged s o l u t i o n  

i s  s t i l l  based  on t h e  o r i g i n a l  equa t ions .  

The term f) i s  u s u a l l y  n e g l i g i b l e  and n o t  4'. w a s  used i n  p l a c e  of N 
'8 

4' 4' 
This  g r e a t l y  s i m p l i f i e d  t h e  e x p r e s s i o n s  f o r  t h e  "A*" c o e f f i -  

It  should  be  no ted  t h a t  the  s i m p l i f i c a t i o n s  g iven  above were not 

2 2 s i n  0 
- 2 r 

[Neo + , D ( l  - p ) a  - = 

2 s i n  (p + y s i n  
r - M - N l - ? J )  2 

r '2M 

2 s i n  I$ cos Q 

2 r  ' 2M 2 AT2 = AI2 - D ( l  - l.~ ) 

2 + D ( 1  - p )a4 
0 '2M 2 AT3 = A13 - 

r 

s i n  f ; ~  - 
A24 = A14 2 r  $ezM 

w s i n  $I 
AT6 = A16 - 2 r  (P2M 
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2 s in  $ cos $ 3 
w 

'2M 
2 ( u  - - ' w  ) - D ( ~ - ? J )  3MK(1 - v)sin Cp 

4 '2M 2 r  
A i l  = A21 + 

2Lr  

1 2 cos (p 2 2 3 M  K(l - ,y)sin 4 - - w  ) - M D ( l - v )  
2 r  '2M 4 ('e 2 e2M = A23 + 

2 L r  

2 .  3MK(1 - ?J)sin $ + z 
4 ~ r ~  '2M 

A$4 = A24 + 

M 2 1 

r '0 '2M 
A?& = A31 - 2 s i n  Q, + D ( l  - ?J )Q - - N  

s i n  9 cos '(w - - + 2  2 L r  

& 2  2 - (M + s i n  4) w 
'2M ' 2  2 r  

2 cos ' - M D ( 1 -  ?J 1 A* 

2 r  '2M 3 2  = A32 

1 sin $I cos 4 ( W  - m ) 
2 1 + D ( 1 -  ?J ) a  - - N  + 

r '0 '2M 2 L r  '0 '2M 
L 

2 D ( 1  - v2> - 
2 (M + s i n  4) w ' 2M 2 r  

M -  - 3MK(1 - 11) 
3 A* = A - --N 

34 34 2 r  ''2, 4 L r  

1 r eo 2 '"e2M 
1 - - 

A?& = A35 - 

in  $ cos $ w ' 2M 

1 s in  I$ 

1 -  2 r  "2, ' 0  we2M 
s in2  '(w - - 3MK(1 - ?J 

3 A& = A4f - 
2 L r  
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W 
1 3MK(1 - p)sin 4 

'0 '2M 4 ~ r ~  '2M 
AZ4 = A44 - (N + - N  ) - ' 

1 - -  Azs = A45 2 u'2M 

AC6 = A46 - (W - - l )  
'0 We2M 

1 + - - 
As"l = A51 rL 0 2 'e2M) 

1 
A;4 = A54 + 2L u'2M 

" 2M Ag4 = Ah4 + ue0 + - 2 

where 

n = T z u  1 - 2  
'0 j=l 'j 

and a l l  other "A*'s" equal the "A" coeff ic ients  given in  Appendix A. 
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11. COMPUTER PROGRAM 

2 . 1  I n t r o d u c t i o n  

The a n a l y s i s  and numer ica l  method p resen ted  i n  S e c t i o n  I of t h i s  r e p o r t  

Th i s  w a s  programmed i n  F o r t r a n  I V  f o r  u se  on t h e  I B M  7094 d i g i t a l  computer. 

program w a s  p r i m a r i l y  developed t o  o b t a i n  t h e  e l a s t i c  pos t -wr inkl ing  behav io r  

of  h i g h l y  p r e s s u r i z e d  c o n i c a l  s h e l l s  of  r e v o l u t i o n  s u b j e c t  t o  bending  l o a d s ,  

b u t  w a s  wr i t ten  i n  a g e n e r a l  form and may b e  used t o  s o l v e  many o t h e r  n o n l i n e a r  

she l l  problems. 

The s o l u t i o n  i s  based on Sanders '  n o n l i n e a r  s h e l l  theory .  A l l  v a r i a b l e s  

are expanded i n  a F o u r i e r  series i n  t h e  c i r c u m f e r e n t i a l  d i r e c t i o n .  The 

governing n o n l i n e a r  p a r t i a l  d i f f e r e n t i a l  equa t ions  are t h u s  conver ted  t o  

e i g h t  n o n l i n e a r  o r d i n a r y  f i r s t - o r d e r  d i f f e r e n t i a l  equa t ions  which are  s o l v e d  

by use  of a f i n i t e  d i f f e r e n c e  method. 

by us ing  a modi f ied  Newton i t e r a t i o n  technique .  

The n o n l i n e a r  s o l u t i o n  i s  o b t a i n e d  

To de termine  t h e  s o l u t i o n  t o  complicated s h e l l  problems, a methematical 

model of t h e  a c t u a l  s h e l l  must f i r s t  b e  ob ta ined .  It is  necessa ry  t o  sub- 

d i v i d e  t h e  s h e l l  i n t o  segments such  t h a t  each eegment does n o t  c o n t a i n  d i s -  

c o n t i n u i t i e s  i n  geometry,  material p r o p e r t i e s  o r  l oad ing .  Each segment i s  

numbered accord ing  t o  i t s  p h y s i c a l  o r d e r  i n  t h e  s h e l l .  P o i n t s  which s e p a r a t e  

segments are c a l l e d  d i s c o n t i n u i t y  p o i n t s ,  and t h e  f i r s t  and l a s t  p o i n t  of t h e  

s h e l l  are c a l l e d  boundary p o i n t s .  

The program i n p u t  d a t a  c o n s i s t s  of  i n fo rma t ion  p e r t a i n i n g  t o  the o v e r a l l  

problem, t h e  i n d i v i d u a l  segments ,  t h e  s u r f a c e  l o a d s  on each segment,  t h e  

d i s c o n t i n u i t y  p o i n t s  and t h e  boundary p o i n t s .  

I n  t h e  f i r s t  p a r t  of t h i s  s e c t i o n ,  a d e s c r i p t i o n  of t h e  i n p u t  and o u t p u t  

d a t a ,  a sample problem, and t h e  program o p e r a t i n g  procedure w i l l  b e  p re sen ted .  

This  i n fo rma t ion  should  p rov ide  t h e  u s e r  w i t h  t h e  necessary  background t o  

e f f e c t i v e l y  use  t h i s  program. The l a t t e r  p a r t  of t h i s  s e c t i o n  c o n t a i n s  t h e  

d e t a i l e d  d e s c r i p t i o n  of t h e  program, and t h e  flow charts f o r  t h e  main 

moni tors  of  t h e  program. 

i n  Volume 2 of t h i s  r e p o r t .  

The F o r t r a n  l i s t i n g  of  t h i s  program i s  g iven  
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2.2 General  I n p u t  Data D e s c r i p t i o n  

2.2.1 S h e l l  Segments 

The program o b t a i n s  t h e  n o n l i n e a r  s o l u t i o n  of s h e l l  problems by use  of 

t h e  f i n i t e  d i f f e r e n c e  method. Thus, t h e  f i r s t  s t e p  toward o b t a i n i n g  a s o l u t i o n  

f o r  any s h e l l  problem i s  t o  determine a s u i t a b l e  mathematical  model f o r  t h e  

s h e l l .  S ince  t h e  fundamental  v a r i a b l e s  may b e  d i scon t inuous  a t  p o i n t s  where t h e  

geometry o r  material p r o p e r t i e s  have ab rup t  changes,  t h e  s h e l l  must f i r s t  b e  

subdiv ided  i n t o  segments.  I n  g e n e r a l ,  d i s c o n t i n u i t i e s  i n  material p r o p e r t i e s ,  

geometry o r  s u r f a c e  load ing  w i l l  p rov ide  a n a t u r a l  c r i t e r i o n  f o r  t h e  s u b d i v i s i o n  

of  t h e  s h e l l .  

The geometry of  each  c o n i c a l  segment i s  i n p u t  t o  t h e  program by 

s p e c i f y i n g  the  c o o r d i n a t e s  of t h e  f i r s t  and l a s t  p o i n t  i n  t h e  segment.  A 

C a r t e s i a n  c o o r d i n a t e  system i s  used w i t h  v a r i a b l e s  R and Y .  The convent ion  i s  

t h a t  t h e  Y axis i s  always i d e n t i c a l  w i t h  t h e  a x i s  of  r e v o l u t i o n ,  w h i l e  t h e  R 

a x i s  i n t e r s e c t s  t h e  s h e l l  a t  any convenient  p o i n t .  

A t y p i c a l  s h e l l  c o n f i g u r a t i o n  i s  shown i n  F igu re  2.1. This  s h e l l  

c o n s i s t s  of  t h r e e  segments.  The p o i n t s  ( a )  and (b)  i n d i c a t e ,  r e s p e c t i v e l y ,  

t h e  l e a d i n g  and t r a i l i n g  boundar ies  of  t h e  s h e l l  a t  which s u i t a b l e  boundary 

c o n d i t i o n s  must be  imposed. The program a l lows  s i x t e e n  p o s s i b l e  boundary con- 

d i t i o n s .  T h e i r  d e f i n i t i o n s  a r e  given i n  Table  2 .1 .  The u s e r  must s p e c i f y  a 

p h y s i c a l l y  compat ib le  s e t  of fou r  c o n d i t i o n s ,  f o r  each Four i e r  harmonic under  

c o n s i d e r a t i o n ,  a t  each boundary of t h e  s h e l l .  

P o i n t s  ( c )  and (d)  of  F igure  2 .1  i n d i c a t e  d i s c o n t i n u i t y  p o i n t s .  I n  

t h i s  c o n f i g u r a t i o n  p o i n t  ( c )  i s  a d i s c o n t i n u i t y  because  of t h e  change i n  
geometry between segment 1 and 2. A t  p o i n t  (d)  t h e  unequal  t h i c k n e s s  between 

segments 2 and 3 r e q u i r e s  t h a t  t h i s  p o i n t  b e  a d i s c o n t i n u i t y  p o i n t .  

S ince  t h e  f i n i t e  d i f f e r e n c e  method i s  used t o  s o l v e  t h e  governing 

equa t ions ,  each  segment must b e  f u r t h e r  subdiv ided  i n t o  s m a l l  i n t e r v a l s .  The 

s o l u t i o n  is o b t a i n e d  a t  t h e  end p o i n t s  of each i n t e r v a l .  I n  most s h e l l  problems 

t h e  s o l u t i o n  varies more r a p i d l y  n e a r  d i s c o n t i n u i t y  and boundary p o i n t s  and thus  

i t  i s  b e s t  t o  use  a f i n e r  mesh i n  t h e s e  areas. To o b t a i n  t h e  f i n i t e  d i f f e r -  

ence mesh f o r  each  segment,  ( i . e . ,  t h e  "S" mesh),  t h e  u s e r  must s p e c i f y  t h e  
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t o t a l  number of  i n t e r v a l s  i n  each segment (maximum = 7 3 )  and t h e  number of 

unequal ly  spaced i n t e r v a l s  which h e  wishes  t o  u s e  near t h e  end p o i n t s  of  t h e  

segment. I n  a d d i t i o n ,  t h e  s i z e  of  t h e  f i r s t  and l as t  i n t e r v a l  must h e  g iven .  

The program w i l l  then  a u t o m a t i c a l l y  g e n e r a t e  t h e  "S" mesh f o r  t h e  segment by 

u s i n g  an  a r i t h m e t i c  p r o g r e s s i o n ,  and w i l l  g i v e  t h e  d e s i r e d  h igh  p o i n t  d e n s i t y  

n e a r  t h e  ends of  t h e  segment.  

The program a l s o  pe rmi t s  l i n e a r  v a r i a t i o n s  i n  t h e  th i ckness  and 

material p r o p e r t i e s  between t h e  end p o i n t s  of each segment. 

are i n p u t  by s p e c i f y i n g  t h e i r  values a t  t h e  f i r s t  and l a s t  p o i n t  of t h e  

segment. The program w i l l  a u t o m a t i c a l l y  c a l c u l a t e  t h e  magnitude of  t h e s e  

q u a n t i t i e s  a t  a l l  i n t e r i o r  p o i n t s .  

These q u a n t i t i e s  

It must b e  emphasized t h a t  care b e  e x e r c i s e d  i n  o b t a i n i n g  t h e  mathe- 

matical  model f o r  t h e  a c t u a l  s h e l l .  Some ambigu i t i e s  may b e  observed i n  

d e f i n i n g  t h e  geometry a t  d i s c o n t i n u i t i e s .  The u s e r  i s  reminded t h a t  s h e l l  

t heo ry  i s  only  a two-dimensional t heo ry  and must b e  used i n  t h a t  c o n t e x t .  

2 .2 .2  E l a s t i c  Suppor ts  and LZne Loads 

The program h a s  t h e  c a p a b i l i t y  of  s o l v i n g  problems invo lv ing  branched 

s h e l l s ,  d i s c r e t e  r i n g s  and l i n e  loads .  Branched s h e l l s  and d i s c r e t e  r i n g s  

are rep resen ted  as e l a s t i c  s u p p o r t s  i n  t h e  mathemat ica l  model of t h e  a c t u a l  

s t r u c t u r e .  The program i s  p r e s e n t l y  r e s t r i c t e d  t o  hand le  only  problems f o r  

which t h e  e l a s t i c  s u p p o r t  s t i f f n e s s  m a t r i x  is  l i n e a r .  

t h e  d e f i n i t i o n s  and s i g n  convent ion f o r  t h e  c o e f f i c i e n t s  of t h e  e l a s t i c  

suppor t  s t i f f n e s s  m a t r i x .  I n  g e n e r a l ,  t h e  e l a s t i c  suppor t  s t i f f n e s s  m a t r i x  

w i l l  b e  d i f f e r e n t  f o r  each  harmonic under c o n s i d e r a t i o n .  These s e p a r a t e  

matrices are i n p u t  i n  t h e  e l a s t i c  suppor t  i n p u t  d a t a .  

Sec t ion  1.3.3 g i v e s  

2 .2 .3  Sur face  Loads 

The program de termines  t h e  s o l u t i o n  of nonsymmetr ical ly  loaded s h e l l s  

o f  r e v o l u t i o n  by expanding t h e  v a r i a b l e s  i n  a F o u r i e r  series i n  t h e  circumfer-  

e n t i a l  d i r e c t i o n .  All l o a d i n g  d a t a  must t h e r e f o r e  b e  r ep resen ted  by a F o u r i e r  

series and each term of  t h e  series must b e  i n p u t  t o  t h e  program (maximsm 

number of harmonics = 7 ) .  
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Since  the i n d i v i d u a l  harmonic s o l u t i o n s  are n o t  uncoupled, i t  i s  p o s s i b l e  

t o  o b t a i n  s o l u t i o n s  f o r  harmonics which do n o t  have any l o a d i n g  t e r m s .  The 

u s e r  must t h e r e f o r e  dec ide  which a d d i t i o n a l  harmonics h e  wishes t o  c o n s i d e r  and 

i n p u t  ze ro  load ings  f o r  t h e s e  harmonics.  The program de termines  t h e  s o l u t i o n  

f o r  each harmonic s p e c i f i e d ,  and sums t h e  s o l u t i o n  f o r  a l l  harmonics a t  i n c r e -  

ments of  t h e  c i r c u m f e r e n t i a l  a n g l e ,  8. 

The program o b t a i n s  t h e  n o n l i n e a r  s o l u t i o n  of s h e l l  problems by fo l lowing  

t h e  load-deformation h i s t o r y .  

l o a d s ,  t h e  v a l u e  o f  t h e  load ing  increments  and t h e  number of l oad  levels  (one 

p l u s  t h e  number of increments )  f o r  which a s o l u t i o n  i s  t o  b e  o b t a i n e d .  The 

program w i l l  s tart  wi th  t h e  f i r s t  l oad  level ,  i t e r a t e  on t h e  s o l u t i o n  u n t i l  t h e  

convergence c r i t e r i a  are m e t ,  p r i n t  t h e s e  r e s u l t s  and proceed w i t h  t h e  nex t  load  

leve l .  

The u s e r  must i n p u t  t h e  " s t a r t i n g "  v a l u e  of  t h e  

A f t e r  s o l u t i o n s  f o r  a s p e c i f i e d  number of  l o a d  levels have been  ob ta ined ,  

t h e  program may be  s topped  s o  t h a t  t h e  r e s u l t s  may be  s t u d i e d ,  and r e s t a r t e d  

a t  t h e  nex t  l o a d  l e v e l .  This  c a p a b i l i t y  a l s o  enab le s  t h e  u s e r  t o  o b t a i n  t h e  

load  d e f l e c t i o n  h i s t o r y  by making a number of runs  us ing  d i f f e r e n t  l o a d  levels.  

Furthermore,  i f  t h e  program does n o t  converge t o  a s o l u t i o n  i n  t h e  s p e c i f i e d  

maximum number of i t e r a t i o n s ,  t h e  program may b e  r e s t a r t e d  us ing  an  ' 'update" 

restart  o p t i o n  d e s c r i b e d  i n  S e c t i o n  2.3.5. 
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2 . 3  Inpu t  Cards Format 

2 . 3 . 1  I n t r o d u c t i o n  

This s e c t i o n  d e s c r i b e s  t h e  i n p u t  d a t a  f o r  t h e  program. The o r d e r  of 

t h e  i n p u t  d a t a  is  p i c t o r i a l l y  d e s c r i b e d  i n  F igu res  2.2 through 2.6.  The 

i n p u t  d a t a  c o n s i s t s  of t h e  fo l lowing  f o u r  p a r t s :  case f l a g s  and o p t i o n s ,  

l e a d i n g  and t r a i l i n g  boundary c o n d i t i o n s ,  segment d a t a ,  and restart d a t a .  

The most convenient keypunching form on which t o  e n t e r  d a t a  

c o n t a i n s  e i g h t y  columns. Each l i n e  i s  punched on one ca rd  i n  t h e  format 

g iven  f o r  t h a t  l i n e .  "E", 'IF" apd "I" 

f i e l d  s p e c i f i c a t i o n s .  The i n p u t  d a t a  i s  con ta ined  i n  columns one through 

seven ty .  Columns seventy-one through e i g h t y  may be used f o r  ca rd  sequencing  

or  any method of card i d e n t i f i c a t i o n  d e s i r e d  by t h e  u s e r .  Any c o n s i s t e n t  

sys tem of u n i t s  can be used f o r  t h e  i n p u t  d a t a .  

Users should  be  f a m i l i a r  w i th  "A", -. 

2.3 .2  Case Flags and Options 

1. Camments. One ca rd  of comments concern ing  t h e  case must b e  i n p u t .  
- - -_ -  - 

L- Case ~. Comments i (12A6) 

2. Case F l a g s .  

problem. 

FGRMAT 

The case f l a g s  s p e c i f y  b a s i c  in fo rma t ion  about  t h i s  

I1 = The number of 

I2 = The number of 

I3 = The number of 

I4 = The number of 

segments i n  t h e  s h e l l  (1 < I < 7)  

harmonics f o r  t h i s  problem (1 < I < 7 )  

l o a d i n g  s t e p s  f o r  t h i s  problem (1 5 I3 10) 

' ' s p e c i a l  i t e r a t i o n s "  t o  b e  performed f o r  t h e  

- 1 -  

- 2 -  

harmonic M = 0 .  I f  M = 0 i s  n o t  i n  t h e  harmonic l i s t  

Iq must be 0 .  
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L i m i t a t i o n s  

( a )  1 211 '7 

(c) 1 5 I3 (10 
(d) I 4  0 

(b) 1 L12 - < 7  

3 .  Harmonic L i s t .  The harmonic l i s t  c o n t a i n s  t h e  va lues  of t h o s e  

F o u r i e r  terms which t h e  use r  wishes  t o  c o n s i d e r .  The o r d e r  i n  

which t h e s e  harmonics are l i s t e d  must be  main ta ined  throughout  

t h e  remainder of t h e  i n p u t  d a t a ;  f o r  s i m p l i c i t y ,  they can be  

e n t e r e d  i n  i n c r e a s i n g  o r d e r .  Howeveri i f  one of  t h e  harmonics 

e q u a l s  z e r o ,  i t  must be  t h e  f i r s t  harmonic i n  t h e  l i s t .  

FORMAT 

m m  J~ i J~ I J~ I J~ 

JI = t h e  v a l u e  of t h e  ''Ith1' harmonic. 

LIMITATIONS 

(7 110) 

4 .  Output Options.  The ou tpu t  o p t i o n s  s p e c i f y  what i n fo rma t ion  i s  

t o  be  p r i n t e d  o r  p l o t t e d .  
C 

J K1(K2:K3i  K K K K K K K  4 1  5 1  6 !  7 l  8 i  9 /  10!Kll!K121K13jK14 

The f i r s t  f o u r  o p t i o n s  c o n t r o l  t h e  p r i n t i n g  of i n fo rma t ion  

(1415) 

c a l c u l a t e d  p r i o r  t o  t h e  s o l u t i o n  of e q u a t i o n s .  The l as t  n i n e  

o p t i o n s  concern t h e  p r i n t i n g  o r  p l o t t i n g  of t h e  s o l u t i o n  a t  

each load l e v e l .  

K1 Con t ro l s  t h e  p r i n t i n g  of t h e  geometry c a l c u l a t i o n s .  

[ S  mesh, R and Y a r r a y s ,  t h e  a n g l e  0, t h e  s i n  (0) and t h e  

cos ( $ 1 3  
= 0 Do n o t  p r i n t  t h e  geometry c a l c u l a t i o n s  

= 1 Do p r i n t  t h e  geometry c a l c u l a t i o n s  

Con t ro l s  t h e  p r i n t i n g  of  t h e  c e n t r a l  d i f f e r e n c e s  f o r  t h e  

f i r s t  (n-1) p o i n t s  of each  segment where 'ln" i s  t n e  

number of p o i n t s  i n  each  segment. 

= 0 Do n o t  p r i n t .  

= 1 00 p r i n t .  

K2 
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Cont ro l s  t h e  p r i n t i n g  of t h e  p h y s i c a l  c h a r a c t e r i s t i c s  Kg 
of each segment (Young's modulus, t h i c k n e s s ,  and P o i s s o n ' s  

r a t i o )  and t h e  e x t e n s i o n a l  and bending s t i f f n e s s  a t  each 

p o i n t .  

= 0 Do n o t  p r i n t .  

= 1 Do p r i n t .  

Con t ro l s  t h e  p r i n t i n g  of t h e  m a t r i x  of t h e  governing K4 
e q u a t i o n s  and t h e  i n i t i a l  r i g h t  hand v e c t o r ,  Because 

of t h e  l a r g e  amount of ou tpu t  g iven  by K 

should  b e  e x e r c i s e d  only i n  program checkout .  

t h i s  o p t i o n  4 '  

= 0 Do n o t  p r i n t .  

= 1 Do p r i n t .  

Used i n  i n i t i a l  checkout of program. Must b e  set  e q u a l  t o  ze ro .  Kg 

Kg Cont ro l s  t h e  p r i n t i n g  of t h e  s e p a r a t e  and /o r  combined 

harmonic r e s u l t s  a t  each l o a d  l e v e l .  

= 0 Do n o t  p r i n t  e i t h e r  t h e  s e p a r a t e  o r  t h e  combined 

harmonic r e s u l t s .  

= 1 P r i n t  on ly  t h e  s e p a r a t e  harmonic r e s u l t s  f o r  each  

, harmonic. 

= 2 P r i n t  only t h e  combined harmonic r e s u l t s .  

= 3 P r i n t  bo th  t h e  s e p a r a t e  and combined harmonic r e s u l t s .  

Con t ro l s  t h e  p r i n t i n g  of  t h e  d i sp lacemen t s ,  r o t a t i o n s  and K7 
f o r c e s .  

= 0 Do n o t  p r i n t  t h e  d i sp lacemen t s ,  r o t a t i o n s  o r  t h e  f o r c e s .  

= 1 P r i n t  only'  t h e  d isp lacements  and r o t a t i o n s .  

= 2 P r i n t  only t h e  f o r c e s .  

= 3 P r i n t  t h e  d i sp lacemen t s ,  r o t a t i o n s  and t h e  f o r c e s .  

S p e c i f i e s  t h e  number of p o i n t s  t h a t  w i l l  be  p r i n t e d  i n  t h e  Kg 
s e p a r a t e  o r  combined harmonic r e s u l t s .  

= 0 o r . 1  P r i n t  every p o i n t .  

= 'humber" P r i n t  every "number" p o i n t  of each segment 

s t a r t i n g  wi th  t h e  f i r s t  p o i n t  and f i n i s h i n g  

w i t h  t h e  l a s t  p o i n t  of each segment. 
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S p e c i f i e s  t h e  s i z e  of t h e  increment  t o  t h e  a n g l e  8 Kg 
i n  t h e  combined harmonic p r i n t i n g .  

= 0 ,  set A8 = 20 degrees .  

= m ,  calculate A8 

A8 = 180/m 

In  e i ther  case, beg in  w i t h  8 = 0 degrees  and f i n i s h  

w i t h  8 = 180 degrees .  

K10 Con t ro l s  t h e  p r i n t i n g  a t  each l o a d  level .  

= 0 o r  1 P r i n t  each l o a d  l e v e l .  

= ''number" P r i n t  every  "number" l o a d  level  beginning  

w i t h  t h e  f i r s t  and f i n i s h i n g  w i t h  t h e  l as t .  

Kll S p e c i f i e s  t h e  number of  segments f o r  which segment p l o t t i n g  

f l a g s  must be  i n p u t .  

= o  No p l o t t i n g .  Do n o t  i n p u t  t h e  segment p l o t  f l a g s .  

= "number" There i s  p l o t t i n g .  Inpu t  t h e  segment p l o t t i n g  

f l a g s  f o r  ''number" segments.  See segment p l o t t i n g  

f l a g s .  

S p e c i f i e s  t h e  number of  i n d i v i d u a l  p o i n t s  a t  which the f o r c e s  K12 
should  b e  p l o t t e d  around t h e  c i rcumference .  

= o  No i n d i v i d u a l  p o i n t  p l o t t i n g .  Do n o t  i n p u t  

i n d i v i d u a l  p o i n t  p l o t t i n g  f l a g s .  ( I f  

Kll = 0 ,  t hen  K must b e  0.)  13 
= "number" There i s  indiv ic iua l  p o i n t  p l o t t i n g .  I n p u t  t h e  

i n d i v i d u a l  p o i n t  p l o t t i n g  f l a g s  f o r  ''number'' 

p o i n t s .  See i n d i v i d u a l  p o i n t  p l o t t i n g  

f l a g s .  

S p e c i f i e s  t h e  s i z e  of  t h e  increment  t o  t h e  a n g l e  8 f o r  K1 3 
t h e  i n d i v i d u a l  p o i n t  p l o t t i n g .  

= o  S e t  A 8  = 5 degrees .  

= ''number" C a l c u l a t e  A 8 .  

A 8  = 180/ "number" 

However, t h e  minimum v a l u e  of A8 is  two degrees .  

I n  e i t h e r  case, beg in  w i t h  8 = 0 degrees  and f i n i s h  

w i t h  e =  180 degrees .  

90 



S p e c i f i e s  t h e  number of l oad  levels f o r  which ;load p l o t t i n g  
K14 

f l a g s  shou ld  b e  i n p u t .  

, =  0 No p l o t t i n g .  Do n o t  i n p u t  l oad  p l o t t i n g  f l a g s .  

= "number" There i s  p l o t t i n g ,  Inpu t  t h e  load  p l o t t i n g  

f l a g s  f o r  "number" l o a d i n g s .  See load  p l o t t i n g  f l a g s  

LIMI~AT I&,S 
.. 1 ,&,number. < 10 .- 

More d e t a i l e d  d e s c r i p t i o n 8  of t h e  fo l lowing  phases  may 

b e  found i n  t h e  Output d e f i n i t i o n :  

r e s u l t s ,  combined harmonic r e s u l t s ,  normal p l o t t i n g ,  

and i n d i v i d u a l  p o i n t  p l o t t i n g .  

s e p a r a t e  harmonic 

5. Segment P l o t t i n g  F lags .  ( I f  Kll = 0 ,  t h i s  ca rd  must n o t  b e  

inc luded  i n  t h e  d a t a  deck.) 

FORMAT 

(7110) 

LIS Flag  i n d i c a t i n g  whd t re r  o r  n o t  i n fo rma t ion  shou ld  be  

p l o t t e d  f o r  t h e  Ith segment. 

Do n o t  p l o t  t h e  in fo rma t ion  f o r  t h i s  segment. = 0 

= 1 LDo t h e  normal p l o t t i n g  f o e  t h i s  segment. 

> 1 P l o t  on ly  f o r c e s  vs 8 f o r  t h e  s p e c i f i e d  i n d i v i d u a l  

p o i n t s  i n  t h i s  segment. 

6 .  I n d i v i d u a l  P o i n t  P l o t t i n g  Flags.  ( I f  K12 = 0,  t h e s e  c a r d s  must n o t  

.be inc luded  i n  t h e  d a t a  deck.)  

FORMAT 

The number of t h e  segment c o n t a i n i n g  t h e  p o i n t  at which I M 
f o r c e s  vs 8 are t o  b e  p l o t t e d .  



P o i n t  number i n  t h e  segment g iven  by M above a t  which I 
f o r c e s  vs 0 are t o  b e  p l o t t e d .  

I f  t h e s e  c a r d s  are i n c l u d e d ,  one o r  two c a r d s  must b e  i n p u t ,  

depending on t h e  number of p o i n t s  t o  b e  p l o t t e d .  

i f  f i v e  p o i n t s  are t o  b e  p l o t t e d ,  on ly  one ca rd  should  b e  i n p u t .  

The segment p l o t t i n g  f l a g s  f o r  each segment c o n t a i n i n g  a p o i n t  

t o  be p l o t t e d  must  b e  non-zero.  

For example, 

- LIMITATIONS 

7 .  Load P l o t t i n g  F lags .  ( I f  K14 = 0 t h e s e  c a r d s  must n o t  b e  inc luded  

i n  t h e  d a t a  deck.)  

i n fo rma t ion  a t  a p a r t i c u l a r  l oad  level.  

These f l a g s  c o n t r o l  t h e  o p t i o n  of  p l o t t i n g  

FORMAT 

N = 0 Do n o t  p l o t  i n fo rma t ion  a t  "Ith" load  level .  

= 1 Do p l o t  information' ,  a t  "Ith" load  level .  
I 

LIMITATIOiE 

1 - -  < I < 10 Only t e n  l o a d  levels may b e  p l o t t e d  i n  one run .  

8. Restart Options.  The fo l lowing  o p t i o n s  p rov ide  a l t e r n a t e  means 

of  c o n t r o l l i n g  t h e  f low of  t h e  program. 

JJ1 JJ2 JJ3 - J J 4 - J J s  J'J6 JJ7 (7110) 
c -- - - . _- - - 

= 0 Read i n p u t  d a t a  and con t inue .  

= 1 Terminate  execu t ion  a f t e r  r ead ing  i n p u t  d a t a .  
JJ1 
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= 0 Process  geometry and con t ihue .  

= 1 Terminate execu t ion  a f t e r  performing geometry c a l c u l a t i o n s .  
JJ2 

= 0 F i r s t  run of t h i s  problem. 

= 1 This  is  a restart case .  See P a r t  D of t h e  i n p u t  d a t a .  
JJ3 

= 0 This i s  n o t  an "update" case, b u t  can b e  a restart JJ4 
JJ4 case  i f  JJ equalis one. I f  JJ e q u a l s  z e r o ,  

must b e  z e r o .  
3 3 

- 
= 1 This is an "update" case. The govern ing  e q u a t i o n s  of 

e q u i l i b r i u m  w i l l  b e  r e b u i l t  u s ing  t h e  s o l u t i o n  v e c t o r s  

f o r  a l l  harmonics i n  t h e  mounted p r i o r  s o l u t i o n  t a p e .  

I f  JJ e q u a l s  one,  JJ must a l s o  e q u a l  one. Note t h a t  

t h e  m a t r i x  scale f a c t o r s  must n o t  b e  i n p u t  i n  a n  ' 'update'' 

c a se .  

i n  S e c t i o n  2 . 3 . 5 .  

4 3 

Both "update" and "restart" cases are d e s c r i b e d  

Not used. JJ5 

Not used. JJ6 

JJ7 Not used. 

9. Convergence C r i t e r i o n  Data. This  d a t a  p rov ides  t h e  u s e r  w i t h  t h e  

fo l lowing  o p t i o n s  concern ing  t h e  s o l u t i o n  method. 

FORMAT 

The number of  complete harmonic loop i t e r a t i o n s  t h a t  

w i l l  b e  performed on one load  level before e x e c u t i o n  

is  s topped  (normal ly  JL = 8J. I 

JL1 

1 

A1 = 'lnumber" The convergence c r i t e r i a  is  based  on comparing t h e  

i n c r e m e n t a l  s o l u t i o n ,  f o r  any harmonic M y  w i t h  t h e  

summed s o l u t i o n  f o r  0 = 0 ,  i . e . ,  

I f  B < A I ,  t h e n  t h e  s o l u t i o n  is  assumed t o  have 

converged (normally A = ' 0 2 ) .  1 
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Must A2 

JL1 

LIMI TAT1 ON$ 

JL2 B1 B2 (2110,2F10.0) 

(b)  A1 r'O 

( c )  A2,, 1 1 . 0  

be set e q u a l  t o  1.0. 

2 . 3 . 3  Leading and T r a i l i n g  Boundary C 

Each harmonic r e q u i r e s  f o u r  l e a d i n g  and f o u r  t r a i l i n g  boundary c o n d i t i o n s .  

Each boundary c o n d i t i o n  i s  i n p u t  on a s e p a r a t e  ca rd .  

l e a d i n g  edge boundary c o n d i t i o n s  f o r  a l l  harmonics must b e  i n p u t  b e f o r e  t h e  

t r a i l i n g  edge boundary c o n d i t i o n s .  The boundary c o n d i t i o n  numbers are shown 

i n  Table  2.1. 

A s  F igu re  2.3 shows, t h e  

1. Leading Edge Boundary Condi t ions .  

FORMAT 

JK1 = ?he harmonic v a l u e  

JK2  =, The boundary c o n d i t i o n  number 

A1 = The boundary c o n d i t i o n  v a l u e  

A2 = The increment t o  t h e  boundary c o n d i t i o n  

LIMITATIONS 

2. T r a i l i n g  Edge Boundary Condi t ions .  

FORMAT 
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Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

14 

15 

16 

Table 2.1 Boundary Condition Input Definitions 

Boundary Condition Definition 

UM = al 

2 VM = a 

3 WM = a 

= a4 w 
eM 

- YM 

+ eM 

- +M 

+M 

5 

6 

= VM cos+ + W s in+  = a 

= V sin+ - W cos+ = a 

M 

M M 
M r 6 

6 

N = a7 

N = ag 

Q = a g  

M = a10 

N% 'M 

9 

11 = N cos+ + 0 sin+ = a 

= N sin+ - 0 cos+ = a 

+M 

+M +M 

- 
12 

+ rr M = a13 
+M 

0, = rr(N cos$ + 0 sin+) 
+In +M 

VM cos+ + W sin$ + U = a M M 15 
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JL1 = The harmonic v a l u e  

J L 2  = 

B1 = The boundary c o n d i t i o n  v a l u e  

B2 = The increment  t o  t h e  boundary c o n d i t i o n  

The boundary c o n d i t i o n  number 

LIMITATIONS 

1 5  J L 2  - < 16  

2.3.4 Segment Data 

The segment d a t a  c o n s i s t s  of t h e  geometry d a t a ,  t h e  load  d a t a  and t h e  

e l a s t i c  suppor t  d a t a  f o r  t h e  d i s c o n t i n u i t y  fo l lowing  t h e  segment. Note t h a t  

t h e  geometry d a t a  i s  harmonic independent ,  b u t  t h e  load  d a t a  and t h e  e l a s t i c  

suppor t  d a t a  are  harmonic dependent.  The re fo re ,  t h e  load  d a t a  and t h e  e l a s t i c  

suppor t  d a t a  must b e  i n p u t  f o r  a l l  harmonics.  

F igure  2 . 5  shows t h e  o r d e r  of t h e  segment d a t a .  The d e t a i l e d  format  

d e s c r i p t i o n s  a r e  cons ide red  i n  t h e  fo l lowing  t h r e e  p a r t s :  geometry d a t a ,  

l oad  d a t a ,  and e l a s t i c  suppor t  d a t a .  

Before  c o n s i d e r i n g  t h e  t h r e e  p a r t s  of t h e  segment d a t a ,  t h e  fo l lowing  

comments are i n  o r d e r .  

I n  t h e  fo l lowing  format d e s c r i p t i o n s ,  t h e  segment number and harmonic 

v a l u e  occur  on most of  t h e  c a r d s .  These two i t e m s  are used t o  check t h e  

o r d e r  of t h e  i n p u t  d a t a .  The fo l lowing  paragraphs  d e s c r i b e  t h e  c o n d i t i o n s  

which t h e s e  v a r i a b l e s  must s a t i s f y .  

The segment numbers must b e  p o s i t i v e ,  cont iguous  i n t e g e r s  w i t h  v a l u e s  

less than  o r  e q u a l  t o  seven .  For example, i f  f i v e  segments w e r e  s p e c i f i e d ,  

t h e  segment numbers would b e  one,  two, t h r e e ,  f o u r  and f i v e .  Whenever the 

segment number a p p e a r s ,  i t  i s  compared w i t h  an i n t e r n a l  coun te r  t o  check 

t h i s  cond i t ion .  

T h e  harmonic va lues  must correspond t o  t h e  harmonic l i s t  w i t h  r e s p e c t  

t o  bo th  o r d e r  and va lue .  

If t h e  above c o n d i t i o n s  are n o t  m e t ,  a n  e r r o r  message is  p r i n t e d ,  t h e  

remainder of  t h e  i n p u t  d a t a  i s  r ead ,  and t h e  case i s  t e rmina ted .  
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1. The geometry d a t a  c o n s i s t s  of t h r e e  c a r d s  p e r  segment. 

(a) F i r s t  c a r d .  S p e c i f i e s  t h e  i n t e r v a l  s i z e s  f o r  t h i s  segment. 

FORMAT 

I1 The segment number. 

I2 

A1 

A2 

A3 

The number of i n t e r v a l s  i n  t h i s  segment. 

The number of l e a d i n g  i n t e r v a l s  i n  t h i s  segment. 

The number of  t r a i l i n g  i n t e r v a l s  i n  t h i s  segment. 

The s i z e  of t h e  f i r s t  i n t e r v a l  i n  t h i s  segment. 

Th i s  v a l u e  may b e  omi t t ed  i f  A1 = 0. 

The s i z e  of t h e  last  t r a i l i n g  i n t e r v a l .  

Th i s  v a l u e  may be  omi t t ed  i f  A2 = 0.  
A4 

LIMITATIONS 

1L111.7 

A 1  t 0 

A3 L 0 

A4 L 0 

2 < I  < 7 3  - 2 -  

A> 0 

(b) Second ca rd .  . S p e c i f i e s  t h e  segment geometry. 

FORMAT 

J1 = The segment number 

= The "X" c o o r d i n a t e  a t  the -:goint of  t h e  B1 
segment. 

B2 = The "Y" coord ina te '  at t h e - r s t  p o i n t  o f  t h e  

segment. 

B3 = 
The "X" c o o r d i n a t e  a t  the i-ast point  of t h e  

segment. 

The "Y" c o o r d i n a t e  a t  t h e  Iast p o i n t  o f  t h e  

segment. 
B4 = - 
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B5 = The "Y" component of t h e  e c c e n t r i c i t y  between 

t h i s  segment and t h e  following segment ( e  >.  
Y 

B6 = The "R" component of t h e  e c c e n t r i c i t y  between 

t h i s  segment and t h e  following segment ( e  >. r 

(c) Third Card. The thickness  and material p rope r t i e s  may vary 

l i n e a r l y  between t h e  f irst  and l a s t  po in t  of t he  segment.  

FORMAT 

K1 = Segment number. 

C1 = 
The value of t he  th ickness  a t  t he  f i r s t  po in t  of t h e  

segment. 

C2 
= The value of t h e  thickness  a t  the  l a s t  po in t  i n  the  

segment. 

C3 = The value ofyoung's modulus a t  the  f i r s t  po in t  
. *  

of t h i s  segment. 

C4  = The value ofYoung's modulus a t  the l a s t  po in t  

of t h i s  segment. 

The value of Poisson 's  r a t i o  a t  t he  f i r s t  po in t  of 

t h i s  segment. 
C5 

= 

C6 
= The value of Poisson ' s  r a t i o  a t  t he  l a s t  po in t  of 

t h i s  segment. 

LIMITATIONS 

None of C1 - C may equal zero.  6 

2.  Surface Load Data. The su r face  load da ta  f o r  one segment cons i s t s  

of four  cards  f o r  each harmonic. The loading may vary l i n e a r l y  

between t h e  f i r s t  and l a s t  po in t  of t h e  segment. 

(a)  F i r s t  Card. The sur face  load d a t a  a t  t he  f i r s t  po in t  of t h i s  

segment. 

FORMAT 

( J i ( J 2 ( ' i / B 2 1 B ~ I B q l B g (  (2110, 5F10.0) 
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J1 = The segment number. 

J2 = The harmonic va lue .  

B1 = The v a l u e  of t h e  c i r c u m f e r e n t i a l  l oad ing  (m 
a t  t h e  f i r s t  p o i n t  of t h e  segment. 

B2 = The v a l u e  of t h e  mer id iona l  l oad ing  (u) 
a t  t h e  f i r s t  p o i n t  of t h e  segment. 

B3 = The v a l u e  o f  t h e  normal load ing  (?) 
a t  t h e  f i r s t  p o i n t  of t h e  segment, 

The v a l u e  of t h e  r a d i a l  l o a d i n g  (E) a t  t h e  

f i r s t  p o i n t  of  t h e  segment. 

The i n i t i a l  v a l u e  of t h e  a x i a l  l o a d i n g  ( y )  a t  

t h e  f i r s t  p o i n t  of t h e  segment. 

B4 
= 

B5 = 

(b) Second Card. The s u r f a c e  load  d a t a  a t  t h e  las t  p o i n t  of t h i s  

segment. 

FORMAT 

- 
K1 - 

c1 = 

c* = 

c3 - 

c4 - 

c5 - 

K2 = 

- 

- 

- 

The segment number. 

The harmonic v a l u e .  

The v a l u e  of t h e  c i r c u m f e r e n t i a l  l oad ing  (Ir> 
a t  t h e  l a s t  p o i n t  of t h e  segment. 

The v a l u e  of t h e  mer id iona l  l oad ing  (y)  
a t  t h e  las t  p o i n t  of t h e  segment. 

The v a l u e  of t h e  normal load ing  (y)  
a t  t h e  l as t  p o i n t  o f  t h e  segment. 

The v a l u e  of t h e  r a d i a l  l o a d i n g  (E) 
a t  t h e  l a s t  p o i n t  of t h e  segment. 

The v a l u e  of t h e  a x i a l  l oad ing  ( a )  

a t  t h e  l as t  p o i n t  of t h e  segment. 

- 
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(c )  Thi rd  Card. The increments  t o  t h e  s u r f a c e  l o a d  d a t a  a t  t h e  f i r s t  

p o i n t  of t h i s  segment. 

FORMAT 

(2110, 5F10.0) 1 L1 1 L2 1 , D1 D2 I D3 i D4 1 D5 I 
I I 

L1 = The segment number. 

L2 = The harmonic va lue .  

D1 = The increment t o  t h e  v a l u e  of t h e  c i r c u m f e r e n t i a l  

l o a d i n g ’ ( y 1  a t  t h e  f i r s t  p o i n t  of t h e  segment. 

D2 = The increment t o  t h e  v a l u e  of t h e  mer id iona l  

l oad ing  (‘k> a t  t h e  f i r s t  p o i n t  of t h e  segment. 

D3 = The increment  . to t h e  v a l u e  of t h e  normal load ing  

<?) a t  t h e  f i r s t  p o i n t  of t h e  segment. 

Dq = The increment t o  t h e  v a l u e  of t h e  r a d i a l  l oad ing  

(R) a t  t h e  f i r s t  p o i n t  of t h e  segment. 

The increment t o  t h e  v a l u e  of t h e  a x i a l  l oad ing  (3 
a t  t h e  f i r s t  p o i n t  of t h e  segment. 

D5 
= 

(d) Four th  Card. The increments  t o  t h e  s u r f a c e  load  d a t a  a t  t h e  

l a s t  p o i n t  of t h i s  segment. 

M~ i M~ 1 i I 1 (2110, 5F10.0) 

M1 = The segment number. 

M2 = The harmonic v a l u e .  

El = The increment t o  t h e  v a l u e  of t h e  c i r c u m f e r e n t i a l  

l o a d i n g  (z) a t  t h e  l a s t  p o i n t  of t h e  segment. 

E2 = The increment t o  t h e  v a l u e  of t h e  mer id iona l  l o a d i n g  

(y)  a t  t h e  las t  p o i n t  of t h e  segment. 

E3 = The increment t o  t h e  v a l u e  of t h e  normal load ing  - 
(Z) a t  t h e  las t  p o i n t  of t h e  segment. 
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E4 = The increment t o  t h e  v a l u e  of t h e  r a d i a l  l o a d i n g  

(x) a t  t h e  l a s t  p o i n t  of t h e  segment. 

E5 = The increment t o  t h e  v a l u e  of t h e  axial  l o a d i n g  (y) 
a t  t h e  l a s t  p o i n t  of t h e  segment. 

3.  E l a s t i c  Support and Discrete Load Data. 

c o n t i n u i t y  fd l lowing  t h i s  segment. 

This  d a t a  i s  f o r  t h e  d i s -  

(a) F i r s t  Card. The d i s c r e t e  l o a d s  f o r  t h e  d i s c o n t i n u i t y  fo l lowing  

t h i s  segment. 

(2110,4F10.0) j N1 ; N2 F1 1 Fz I F3 I F4 I 
N1 = Segment number. 

N2 = Harmonic v a l u e .  

F1 = The s t a r t i n g  v a l u e  of t h e  a p p l i e d ,  d i s c r e t e  mer id iona l  

moment (M' ) . 
F2 = The s t a r t i n g  v a l u e  of t h e  a p p l l e d ,  d i s c r e t e  r a d i a l  

f o r c e  (NR). 

The s t a r t i n g  v a l u e  of t h e  a p p l i e d ,  d i s c r e t e  a x i a l  

f o r c e  (Ny). 

F3 i =  

F4 = The s t a r t i n g  v a l u e  of t h e  a p p l i e d ,  d i s c r e t e  s h e a r  

f o r c e  (N ) .  
40 

(b)  Second Card. The l o a d  increments  t o  t h e  d i s c r e t e  l o a d s  f o r  

t h e  d i s c o n t i n u i t y  fo l lowing  t h i s  segment. 

M1 = Segment number. 

M2 = Harmonic v a l u e .  

G1 = The increment  t o  t h e  a p p l i e d ,  d i s c r e t e  m e r i d i o n a l  

moment (M ). 
4 
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G2 = The increment t o  t h e  a p p l i e d ,  d i s c r e t e  r a d i a l  

f o r c e  (NR) .  

G3 = The increment t o  t h e  a p p l i e d ,  d i s c r e t e  a x i a l  f o r c e  

(Ny) 

G4 = The increment t o  t h e  a p p l i e d ,  d i s c r e t e  s h e w  f o r c e  

(Nbe) 

( c )  Th i rd  Card. The C.G. o f f s e t  f o r  t h e  d i s c o n t i n u i t y  fo l lowing  

t h i s  segment. 

FORMAT 

(2110,3F10.0) 

N1 = 

- 
N2 - 

H1 = 

H2 - 
- 

- 
H3 L -  

S e gmen t numb er . 
Harmonic v a l u e .  

Support  r a d i u s  (Rs). 

Axia l  component of t h e  e c c e n t r i c i t y  between t h e  t r a i l i n g  

p o i n t  of t h e  p r e v i o u s  segment and t h e  C.G.  of t h e  r i n g  
S 

(e,) 

Rad ia l  component of t h e  e c c e n t r i c i t y  between t h e  

t r a i l i n g  p o i n t  of the p rev ious , segmen t  and t h e  C.G.  

of t h e  r i n g  (e:). 

(d) Four th ,  f i f t h  and s i x t h  c a r d s .  The e l a s t i c  s u p p o r t  s t i f f n e s s  

c o e f f i c i e n t s  f o r  t he .  d i s c o n t i n u i t y  fo l lowing  t h i s  s e m e n t .  

FORMAT 

? 1 IJ1 I I J2  I '1 I '2 I '3 I p4 I '5 j 

1'6 1'7 i '8 1 '9 i '10 f '11 I '12 i 

j '13 1'14 1'15 I '16 1 

(2110,5F10.0) 

(7F10.0) 

(4F10.0) 
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IJ1 = Segment number. 

IJ2 = Harmonic v a l u e .  

pI = ''Ith" s t i f f n e s s  c o e f f i c i e n t  (1 I - < 16)  

(P1 = C1, etc . ,  see S e c t i o n  1.3.3 f o r  t h e  d e f i n i t i o n  

of khe C's) 

2.3 .5  Restart Data 

The program has  a restart c a p a b i l i t y .  Hence, t h e  program may b e  used t o  

de te rmine  t h e  s o l u t i o n  t o  a s p e c i f i e d  number of l oad  inc remen t s ,  s topped  s o  t h a t  

r e s u l t s  may b e  s t u d i e d ,  and r e s t a r t e d  a t  a new load  l e v e l .  To restart t h e  program, 

t h e  t a p e  i n s t r u c t i o n s  given i n  S e c t i o n  2 . 6 . 6  must be followed and t h e  i n i t i a l  

d a t a  deck must be  modified as f o l l o w s :  

1. A l l  d a t a  p e r t a i n i n g  t o  t h e  l o a d s  on t h e  s h e l l  must b e  changed s o  

t h a t  t h e  " s t a r t i n g "  v a l u e s  cor respond t o  t h e  new load  level  t h a t  

t h e  u s e r  wishes t o  c o n s i d e r .  The load ing  increment magnitudes may 

a l s o  b e  changed. 

2. There are two k inds  of restart o p t i o n s .  

( a )  "Normal Restart" - I f  t h e  program is  t o  b e  r e s t a r t e d  u s i n g  t h e  

p r e v i o u s l y  genera ted  "L + U" t a p e  then  t h e  s c a l e  f a c t o r s  

f o r  t h e s e  matrices must b e  i n p u t .  The s c a l e  f a c t o r s  f o r  

each harmonic are p r i n t e d  i n  t h e  output  d a t a  of each  run.  

These scale f a c t o r s  must b e  copied and i n p u t  on t h e  fo l lowing  

c a r d s  : 

FORMAT 

' I ; A 1 ! A 2  i A j  [ A 4  ! (110,4E15.8) 
I 

I = Harmonic v a l u e  

AJ = The ''Jth'l scale f a c t o r .  

F igu re  2.5 g ives  t h e  o r d e r  of t h e s e  s c a l e .  f a c t o r s .  For t h i s  

res tar t  o p t i o n  t h e %  + U" is  mounted on l o g i c a l  u n i t  09 

and t h e  p r i o r  s o l u t i o n  t a p e  i s  mounted on l o g i c a l  
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(b) "Update Restart" - I f  t h e  program is  t o  b e  r e s t a r t e d  and a 

new "L + U" t a p e  i s  t o  b e  gene ra t ed ,  then  t h e  scale f a c t o r s  

must n o t  b e  i n p u t .  

For t h i s  restart o p t i o n  t h e  p r i o r  s o l u t i o n  t a p e  i s  mounted 

on l o g i c a l  unit 03 and a s c r a t c h  t a p e  i s  mounted on l o g i c a l  u n i t  09.  

-- 

3 .  The p rope r  res ta r t  f l a g s  must a l s o  b e  set. 

NOTE: The program may a l so  have t o  b e  r e s t a r t e d  when t h e  s o l u t i o n  has  n o t  

converged i n  t h e  s p e c i f i e d  maximumnumber of i t e r a t i o n s .  I f  t h i s  should 

occur ,  i t  i s  u s u a l l y  best t o  u se  t h e  "update r e s t a r t "  o p t i o n .  
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2 . 4  Program Output 

2 . 4 . 1  I n t r o d u c t i o n  

Th i s  s e c t i o n  d e s c r i b e s  t h e  ou tpu t  of t h e  program. The program ou tpu t  

c o n s i s t s  of t h e  fo l lowing  t h r e e  p a r t s :  p r i n t e d  o u t p u t ,  p l o t t e d  o u t p u t ,  and 

t a p e  ou tpu t .  

2.4.2 P r i n t e d  Output 

Th i s  s e c t i o n  d e s c r i b e s  t h e  in fo rma t ion  which i s  p r i n t e d  by t h e  program. 

1. Inpu t  Data.  The i n p u t  d a t a  i s  always p r i n t e d  f o r  each case. It 

i s  p r i n t e d  i n  t h e  same f a s h i o n  as t h e  i n p u t  c a r d s  were r e a d .  

2 .  Geometry C a l c u l a t i o n s  (Op t iona l ) .  Depending on o u t p u t  o p t i o n s  

one,  two, and t h r e e ,  t h e  fo l lowing  items can b e  p r i n t e d  f o r  each  

p o i n t  of each segment. 

a. Geometry c a l c u l a t i o n s  i n c l u d i n g  

a rc - l eng th  S 

r a d i u s  r 

l e n g t h  Y 

s i n  (4 )  
cos  (4 )  

b. C e n t r a l  d i f f e r e n c e s  1. / ( S ~ + ~ - S ~ )  

c. P h y s i c a l  c h a r a c t e r i s t i c s  

Young's modulus E 

Po i s son ' s  r a t i o  IJ 

bending s t i f f n e s s  K 

t h i c k n e s s  H 

e x t e n s i o n a l  s t i f f n e s s  D 

3 .  The Mat r ix  of  t h e  Governinp Equat ions  of Equl ibr ium (Opt iona l ) .  

Depending on ou tpu t  o p t i o n  f o u r ,  t h e  matrix of t h e  p o v e r n i n g  

e q u a t i o n s  of  e q u i l i b r i u m  and t h e  r i g h t  hand v e c t o r  f o r  t h e  f i r s t  

. s p e c i a l  i teratio::  car, b e  p r i n t e d  a t  each p o i n t  f o r  a l l  harmonics .  
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The amount of o u t p u t  can b e  e s t ima ted  by t h e  fo l lowing  

e q u a t i o n  

number of l i n e s  = (number of s p e c i a l  i t e r a t i o n s  + number of 
harmonics) 

t i m e s  t h e  number of p o i n t s  i n  t h e  s h e l l  

t i m e s  42 l i n e s  p e r  p o i n t .  

For example, f o r  a case w i t h  one -hundred p o i n t s ,  s i x  harmonics ,  

and two s p e c i a l  i t e r a t i o n s ,  t h e  number of  l i n e s  p r i n t e d  is  33,600. 

It i s  sugges t ed  t h a t  t h i s  o p t i o n  n o t  b e  e x e r c i s e d .  

4 .  Matr ix  S c a l e  F a c t o r s .  On a f i r s t  run  of  a case and an  "updatet t  

of a case, t h e  m a t r i x  scale f a c t o r s  w i l l  be  p r i n t e d  f o r  each  

harmonic. The twelve numbers f o r  each harmonic must b e  punched 

and i n p u t  on c a r d s  f o r  e a r h  res tar t  of t h e  case i n  which they  w e r e  

p r i n t e d .  S e c t i o n  2.3.5 of  t h e  i n p u t  d a t a  c o n t a i n s  t h e  format  d e t a i l s .  

5.  "B"  Values.  The "B" v a l u e s  r e f l e c t  t h e  convergence p r o g r e s s  of  t h e  

s o l u t i o n  f o r  each  load  l e v e l .  The "B" v a l u e s  are p r i n t e d  a f t e r  

t h e  s o l u t i o n  f o r  each  of t h e  harmonics h a s  been incremented and 

a d d i t i o n a l l y  a f t e r  t h e  convergence c r i t e r i o n  h a s  been s a t i s f i e d .  

The in fo rma t ion  p r i n t e d  i s  de f ined  i n  t h e  fo l lowing :  The f i v e  

maximum "f3" v a l u e s  and t h e  p o i n t  i n  t h e  s h e l l  a t  which they  

occur red  are p r i n t e d  f o r  each harmonic.  The "B"  c a l c u l a t i o n  i s  

de f ined  i n  t h e  convergence c r i t e r i o n  i n  S e c t i o n  2.3.2.  

6 .  Convergence a t  each Load Level. The fo l lowing  d e s c r i b e s  what 

i n fo rma t ion  can b e  p r i n t e d  and i n  what manner i t  can b e  p r i n t e d .  

a .  What i n fo rma t ion  a t  each  p o i n t .  

(1) P o i n t  i d e n t i f i c a t i o n .  The f i r s t  l i n e  p r i n t e d  w i l l  

c o n t a i n  t h e  fo l lowing .  

Var i ab le  Heading 

1. p o i n t  number i n  segment POINT 

2 .  segment number SEGMENT 

3. harmonic v a l u e  HARMONIC 
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Variable Heading 

4 .  thickness at this point THICKNESS 

5. radius at this point RADIUS 

6. arc length between first point S 
and this point 

next point 
7. arc length between this point and ARC 

8. value of angle e THET 

For separate harmonic printing, THET = 0. 

For combined harmonic printing, HARMONIC 

will be the value of last harmonic 

considered. 

(2) Displacements and rotations (optional). The following 

information will be printed if specified by output 

option seven. 

Variable Heading 

1. 

2 .  

3 .  

4 .  
5. 

6.  

7. 

8 .  

circumferential displacement U 

meridional displacement V 
normal displacement W 
circumferential rotation ( w  ) OMEGA(T) 

meridional rotation (w ) OMEGA (P) 
4 

normal rotation (w) OMEGA 

radial displacement (6 ) DELTA (R) r 
axial displacement (6 ) DELTA (Y) 

0 

Y 
(3) Forces and moments (optional). The following information 

will be printed if specified by output option seven. 

Variable Heading 
- 

1. in plane shear force (N ) NBAR(P-T) 
40 

2. meridional force (N ) N(P) 

3. circumferential force (N ) N (TI 

4 .  radial force (N ) N (R) 
5. axial force (N ) N (Y) 

4 
e 

r 

Y 
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Var i a b  1 e Heading 
- 

6. normal s h e a r  f o r c e  (Q ) QBAR(P) 

7 .  mer id iona l  bending moment (M ) M(P) 

9 .  s h e a r  moment (M ) M(P-T) 

cp 
4 

8. c i r c u m f e r e n t i a l  bending moment (M ) M(T) 4 
$ 0  

For combined harmonic p r i n t i n g  t h e  fo l lowing  stresses 

w i l l  b e  cons ide red  p a r t  of t h e  f o r c e s  p r i n t i n g .  

Var i ab le  Heading 

1. m e r i d i o n a l  stress ( o u t s i d e  s u r f a c e )  SIGMA(P) + 
2.  mer id iona l  stress ( i n s i d e  s u r f a c e )  SIGMA(P) - 
3 .  c i r c u m f e r e n t i a l  stress ( o u t s i d e  SIGMA(T) + 

s u r f  a c e )  

s u r f a c e  
4 .  c i r c u m f e r e n t i a l  stress ( i n s i d e  SIGMA(T) - 

5. s h e a r  stress ( o u t s i d e  s u r f a c e )  SIGMA (P-T) + 
6.  s h e a r  stress ( i n s i d e  s u r f a c e )  SIGMA(P-T)- 

7 .  e f f e c t i v e  stress ( o u t s i d e  s u r f a c e )  SIGMA(EFF)+ 

8. e f f e c t i v e  stress ( i n s i d e  s u r f a c e )  SIGMA(EFF)- 

( 4 )  For each  segment t h e  maximum e f f e c t i v e  stress and i t s  

l o c a t i o n  w i l l  b e  p r i n t e d .  

(5 )  For each load  level ,  t h e  number of p l o t s  made and t h e  

e s t ima ted  p l o t t i n g  t i m e  w i l l  be  p r i n t e d .  

b. How t h e  in fo rma t ion  w i l l  b e  p r i n t e d  a t  each  p o i n t .  The 

fo l lowing  o p t i o n s  are  a v a i l a b l e .  

(1) S e p a r a t e  harmonic p r i n t i n g .  The in fo rma t ion  i n  a. 

w i l l  b e  p r i n t e d  f o r  each harmonic.  

( 2 )  Combined harmonic p r i n t i n g .  The in fo rma t ion  i n  a .  

w i l l  b e  p r i n t e d  a f t e r  summing t h e  v a r i a b l e s  ove r  a l l  

harmonics  i n  t h e  fo l lowing  manner: 
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= 1 Variab leM X 
M (combined) 

The s i n e  o r  t h e  c o s i n e  of M e  w i l l  be  used  depending 

on each v a r i a b l e  

The va lues  of  8 used are i n p u t  by ou tpu t  o p t i o n  n i n e .  

( c )  What p o i n t s  are p r i n t e d .  Output o p t i o n  e i g h t  s p e c i f i e s  

which of t h e  p o i n t s  w i l l  be p r i n t e d .  

(d) What l oad  levels w i l l  be  p r i n t e d .  Output o p t i o n  t e n  

s p e c i f i e s  which load  l e v e l s  w i l l  be p r i n t e d .  

7.  I n fo rma t ion  P r i n t e d  for a l l  Load Levels. A f t e r  a l l  l oad  levels  

have converged and have. been p r i n t e d ,  t h e  fo l lowing  in fo rma t ion  

which was saved, f o r  each load  level w i l l  be  p r i n t e d .  

The a x i a l  d i sp lacement  f o r  t h e  combined harmonic p r i n t i n g  

a t  t h e  l a s t  p o i n t  of t h e  s h e l l  f o r  e = 0 degrees .  

8. Abnormal Termina t ions .  P r i n t i n g  f o r  t h e  fo l lowing  s i t u a t i o n s  has  

been p rov ide  d : 

a. Divergence. I f  one of t h e  f o u r  unknowns u ,  v ,  w o r  w i n  e 
t h e  inc remen ta l  s o l u t i o n  should  become g r e a t e r  i n  a b s o l u t e  

v a l u e  than  one hundred, a n  a p p r o p r i a t e  e r r o r  message w i l l  be 

p r i n t e d ,  t h e  inc remen ta l  s o l u t i o n  w i l l  be p r i n t e d ,  and t h e  case 

w i l l  be t e rmina ted .  

b .  N o  convergence. I f  a s o l u t i o n  f o r  a p a r t i c u l a r  l oad  leve l  has  

no t  converged a f t e r  "11" i t e r a t i o n s  ( i n p u t ) ,  an e r r o r  message 

i s  p r i n t e d ,  t h e ' o u t p u t  o p t i o n s  g iven  below are set ,  t h e  

in fo rma t ion  i s  p r i n t e d ,  and t h e  c a s e  is  t e rmina ted .  

(1) P r i n t  bo th  d isp lacements  and f o r c e s  

(2)  Perform s e p a r a t e  harmonic p r i n t i n g  and combined harmonic 

p r i n t i n g  f o r  8 = 0 0 and e = 180' 

(3 )  P r i n t  eve ry  p o i n t  

( 4 )  Perform no p l o t t i n g  
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2 . 4 . 3  P l o t t i n g  Output.  

This  s e c t i o n  d e s c r i b e s  t h e  in fo rma t ion  which i s  p l o t t e d  by t h e  

program. 

All p l o t t i n g  performed w i l l  b e  f o r  f i v e  v a r i a b l e s  ( c i r c u m f e r e n t i a l  - 
$ 0 ,  f o r c e ,  N e ,  c i r c u m f e r e n t i a l  bending moment, M e ,  i n  p l a n e  s h e a r  f o r c e ,  N 

mer id iona l  f o r c e ,  W and mer id iona l  bending moment, M ,) i n  a combined 

harmonic mode. 
4 ,  4 

Two t y p e s  of  p l o t t i n g  are a v a i l a b l e :  

1. The v a r i a b l e  p l o t t e d  a g a i n s t  arc l e n g t h  f o r  t h e  v a l u e s  of t h e  a n g l e  

t h e t a  s p e c i f i e d  by ou tpu t  o p t i o n  n i n e .  

A maximum of  f i ve  cu rves  w i l l  be  pu t  on each g r i d ,  and t h e  

maximum number of v a l u e s  of  t h e t a  cons idered  i s  181; i . e . ,  v a l u e s  

of t h e t a  r ang ing  between z e r o  deg rees  and one hundred e i g h t y  

deg rees ,  i n  increments  of one degree .  The arc l e n g t h  p o i n t s  are 

s p e c i f i e d  by ou tpu t  o p t i o n  e i g h t .  

2 .  The v a r i a b l e  i s  p l o t t e d  around t h e  c i rcumference  ( a g a i n s t  0 )  a t  

a p a r t i c u l a r  p o i n t  i n  a p a r t i c u l a r  segment s p e c i f i e d  by t h e  

i n d i v i d u a l  p o i n t  p l o t t i n g  f l a g s .  The increments  of t h e t a  a r e  

s p e c i f i e d  by o u t p u t  o p t i o n  t h i r t e e n  w i t h  t h e  minimum increment  

be ing  two degrees .  

"Normaltt p l o t t i n g  i s  p a r t  1. and p a r t  2 .  i f  any p o i n t s  t o  b e  p l o t t e d  

are i n  t h e  segment. 

" Ind iv idua l "  p o i n t  p l o t t i n g  i s  p a r t  2 .  on ly .  

Other p l o t t i n g  o p t i o n s  a v a i l a b l e  are desc r ibed  i n  t h e  fo l lowing :  

a. Each load  leve l  w i l l  o r  w i l l  n o t  be p l o t t e d  depending on t h e  

i n p u t  l oad  p l o t t i n g  f l a g s .  

Each segment w i l l  o r  w i l l  n o t  b e  p l o t t e d  depending on t h e  i n p u t  

segment p l o t t i n g  f l a g s .  

b.  
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2.4.4 Tape Output 

This  s e c t i o n  d e s c r i b e s  the t a p e  formats  f o r  t h o s e  t a p e s  which must 

b e  saved f o r  a res ta r t  problem. 

The t a p e  formats  f o r  the  p r i o r  s o l u t i o n  t a p e  ( u n i t  0 4 )  and t h e  matr ix  

s o l v e r  t a p e  ( u n i t  09) are shown i n  F igu res  2.7 and 2.8.  

These t a p e s  are used f o r  a restart of a p a r t i c u l a r  problem. 



F i r s t  
l o g i c a l  
record 

{ 

f 

Last 
l o g i c a l  
record 

Eight  unknowns a t  each 
poin t  f o r  po in t s  one 
through n 

Eight unknowns a t  each 
poin t  f o r  po in t s  one 
through n 

I 

Eight unknowns a t  each 
poin t  f o r  po in t s  one 
through n 

Eight unknowns a t  each 
poin t  f o r  po in t s  one 
through m 

L 

Eight unknowns a t  each 
poin t  f o r  po in t s  one 
through m 

Eight unknowns a t  each 
poin t  f o r  po in t s  one 
through m 

I 

I 
I 
I 

I 
I 

I 

1 

1 

F i r s t  segment, 
f i r s t  harmonic 

1 F i r s t  segment 
secgnd harmonic 

F i r s t  segment, 
o the r  harmonics 

F i r s t  segment , 
l a s t  harmonic 

: a l l  middle 
segments 

Last segment, 
f i r s t  harmonfc 

Last segment, 
second harmonic 

L a s t  segment, 
o the r  harmonics 

L a s t  segment, 
l as t  harmonic 

1. Each segment is  w r i t t e n  as one l o g i c a l  record.  - - 
2. The e igh t  unknowns a t  each poin t  are u,  v, w,  w O 5  NOe, Ne, QO, M$ 

Figure 2 .7  P r i o r  Solut ion Tape Format 

112 



First h a m h i C  

Second harmonic 

Record 3 

Record 2 

Record 1 

Recmd 3 

Record 2 
i 

Rccbrd 1 

------I- - 
Record 2 

I Record 1 

t 
' ' L" matrix 

"U" matrix 

I t "L" matrix 

I 
"u" matrix 

Figure 2.8 "L + U" Tape Format for Case with Three Harmonics and Three 
Records (35 Inumber of points in case I, 50) 
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2 .5  Sample Problem 

To demonst ra te  t h e  use  of t h e  computer program, t h e  i n p u t  and ou tpu t  

d a t a  f o r  a t y p i c a l  problem are p r e s e n t e d .  The problem so lved  is  t h e  s e c t i o n  

of t h e  A t l a s  miss i le  shown i n  F igu re  1.4 and desc r ibed  i n  s e c t i o n  1.4.  

The load ing  cons ide red  f o r  t h i s  sample problem is an i n t e r n a l  p r e s s u r e  

of  31.70 p . s . i . ,  an axisymmetric mer id iona l  f o r c e  o f  519 l b / i n  and a 

bending moment of 1.0 x l o 6  in - lb .  

t h e  f i r s t  t h r e e  harmonics needed t o  b e  cons idered  ( i . e . ,  M = 0 , 1 , 2 ) .  

The mathematical  model f o r  t h i s  problem i s  shown i n  F igure  1.4b. A 

c a r e f u l  review of t h e  i n p u t  d a t a  shou ld  s e r v e  as a guide  f o r  u s i n g  t h e  

program t o  s o l v e  o t h e r  problems. 

For t h i s  v a l u e  of bending moment on ly  

The p r i n t e d  r e s u l t s  f o r  t h i s  problem i n c l u d e  d i sp lacemen t s ,  r o t a t i o n s ,  

f o r c e s ,  moments and stresses f o r  every  o t h e r  p i v o t a l  p o i n t  and f o r  t h r e e  

v a l u e s  of t h e  c i r c u m f e r e n t i a l  angle .  Sample p l o t t i n g  r e su l t s  are a l s o  

shown f o r  segment 1. 

A complete d e s c r i p t i o n  of t h e  o u t p u t  d a t a  format is  g iven  i n  S e c t i o n  2 .4 .  

These d a t a  samples are p resen ted  on pages 115 t o  133. 
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The fo l lowing  77 pages of p r e p r i n t e d  computer d a t a  are numbered 

s e p a r a t e l y  within t h i s  r e p o r t .  
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2.6 OPERATING PROCEDURES 

2 .6 .1  Software Requirements 

IBSYS Opera t ing  System Tape Vers ion  1 3  and Calcomp Software.  

2.6.2 Hardware Requirements 

1. 

2 .  Data channels  and t a p e  u n i t s  f o r  t h e  so f tware .  

3. S tandard  keypunches, ver i f ie rs ,  c a r d  r e a d e r s ,  and p r i n t e r s .  

4 .  Calcomp P l o t t e r  Model 565. 

I B M  7094 Computer w i t h  32K co re .  

2.6.3 Deck Set-up 

The o v e r l a y  s t r u c t u r e  and t h e  program deck s e t u p  are shown i n  f i g u r e s  

2 .11  and 2.12. 

2.6.4 Tapes Required 

L o g i c a l  u n i t s  03,  04 ,  09 ,  1 4 ,  15,  50 and SYSUT3 are r e q u i r e d .  Log ica l  

u n i t s  1 4  and 15 are used as s c r a t c h  t a p e s .  The use  of  u n i t s  03,  0 4 ,  and 09 

i s  problem dependent as d e s c r i b e d  i n  t h e  pre-opera t ing  and pos t -ope ra t ing  

procedures .  Uni t  SYSUT3 h a s  been used as t h e  o v e r l a y  t a p e .  Unit  50 i s  used 

as t h e  p l o t t i n g  t a p e .  The f i l e  s p e c i f i c a t i o n s  used are shown i n  t a b l e  2.2.  

The fo l lowing  u n i t s  can b e  "GROUPED" f o r  e f f i c i e n t  c o r e  usage :  Uni t s  03 and 

1 4 ,  u n i t s  04 and 15. Only one u n i t  i n  each GROUP i s  open a t  a t i m e .  

2 .6 .5  Input-Output Un i t s  

Log ica l  u n i t  05 i s  used f o r  i n p u t  and l o g i c a l  u n i t  06 i s  used f o r  o u t p u t .  

2.6.6 S p e c i a l  P re -ope ra t ing  and Pos t -ope ra t ing  Procedures  

1. The d i f f e r e n c e s  i n  t h e  u s e  of l o g i c a l  u n i t s  03, 0 4 ,  and 09 are 

d e s c r i b e d  i n  t h e  fo l lowing  t y p e s  of r u n s :  

1 3 3  
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a )  I n  the f i r s t  run  of  a p a r t i c u l a r  problem. 

03 - s c r a t c h  t a p e  

04 - t a p e  which must b e  saved f o r  a restart of t h i s  problem. 

T h i s  t a p e  w i l l  be r e f e r r e d  t o  as t h e  p r i o r  s o l u t i o n  t a p e .  

09 - t a p e  which must a l s o  b e  saved f o r  a restart. Th i s  t a p e  

i s  r e f e r r e d  t o  as t h e  m a t r i x  s o l v e r  o r  "L+U" t a p e .  

b )  I n  a "normal" res tar t  run  of  a p a r t i c u l a r  problem. 

03 - Mount t h e  p r i o r  s o l u t i o n  t a p e  which w a s  saved on u n i t  04 

from the p rev ious  run  w i t h  the " r i n g  out ' ' .  

04 - Mount a t a p e  wi th  t h e  " r i n g  in" .  A t  t h e  beginning  of t h e  

run ,  t h e  p r i o r  s o l u t i o n  t a p e  on u n i t  03 w i l l  b e  copied  on to  

t h e  u n i t  04 t a p e .  The u n i t  04 t a p e  w i l l  t h e n  be  used as 

t h e  p r i o r  s o l u t i o n  t a p e  f o r  t h i s  run.  

09 - Mount t h e  m a t r i x  s o l v e r  t a p e  which w a s  saved on u n i t  09 

from t h e  p rev ious  run  w i t h  t h e  " r i n g  out".  

This  tape-copying procedure ,  done on ly  f o r  res ta r t  cases, w i l l  

reduce  t h e  amount of l o s t  t i m e ,  should  t h e  p r i o r  s o l u t i o n  t a p e  

b e  damaged, t o  one run.  

c )  In  an ' 'update ' '  res tar t  of a p a r t i c u l a r  problem., 

03 - Same ag tinormal' '  r es ta r t .  

04 - Same as "normal" res tar t .  

09 - Mount a t a p e  w i t h  t h e  " r i n g  in" .  

t h e  new m a t r i x  s o l v e r  t a p e ,  and must b e  saved f o r  a 

restart  of  t h i s  ' 'update' '  res tar t  problem. 

This  t a p e  w i l l  become 

Table  2.2 

F i l e  S p e c i f i c a t i o n s  Used a t  TRW Systems 

UNIT05 

UNIT06 

UNIT03 

UNIT04 

UNIT09 

U N I T  10 

UNIT14 

UNIT15 

UNIT50 

,INl,READY,INPUT,BLK=467,BCD,N@LIST 

,@U1,READYY@UTPUT,BLK=467 ,BCD,N@LIST 

,LB4,READY,IN@UT,BLK=256,BIN,N@LIST 

,IN2,READY,IN@UT,BLK=256,BIN,N@LIST 
,CKlyREADY,IN@UT,BLK=256,B1N,N@LIST 

,UT3,READY,IN@UT,BLK=256,BIN,N@LIST 

,CK2,READY,IN@UT,BLK=256,BIN,N@LIST 
,LB2,READY,IN@UT,BLK=256,BIN,N@LIST 

,PCH,READY,IN@UT,BLK=257,BIN,L@W,H@LD,N@LIST 
1 3 6  



2. I f  a j o b  s t o p s  f o r  some unexpected r eason  such  as maximum time 

exceeded, t h e  fo l lowing  a l t e r n a t i v e s  are a v a i l a b l e :  

a )  I f  t h e  m a t r i x  s c a l e  f a c t o r s  have been p r i n t e d  in ,  t h e  f i r s t  

run of a c a s e , t h e  case can be r e s t a r t e d  as d e s c r i b e d  i n  7a. 

I f  any l o a d  levels have converged, t h e  l o a d i n g  i n p u t  d a t a  must 

be modi f ied  such t h a t  t h e  restart load ing  v a l u e s  are equa l  t o  
t h e  sum of  t h e  o r i g i n a l  l oad ing  v a l u e s  and t h e  incremented 

load ing  v a l u e s ,  

I f  t h e  matrix scale f a c t o r s  have n o t  been p r i n t e d  i n  t h e  

f i r s t  run  of a c a s e ,  t h e  case must be  s t a r t e d  from t h e  beginning .  

b) I f  t h i s  run w a s  a r e s t a r t  case, i t  can always be restarted i f  

t h e  p rope r  t a p e s  have  been saved. A s  i n  2.a above, t h e  i n p u t  

l oad ing  d a t a  f o r  t h e  r e s t a r t  must r e f l e c t  t h e  number of l oad  

l e v e l s  which have converged. 

3 .  If a j o b  i s  t e rmina ted  wi th  t h e  e r r o r  comment 'IN@ CflNVERGENCE 

AFTER 'NUMBER' ITERATIgNS @N LflAD Nfl .  'NUMBER'", t h e  case can  

be  r e s t a r t e d  and t h e  "update' '  o p t i o n  should  be used. I n  t h i s  

c a s e  a s c r a t c h  t a p e  should  b e  mounted w i t h  t h e  " r i n g  in"  on u n i t  09 

and t h e  " p r i o r  s o l u t i o n "  t a p e  should be mounted on u n i t  03. 
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2.6.7 Time and Printing Estimates 

1. Timing estimates - .4 minutes to solve and increment the solution 

for one harmonic for case of 137 points. 

2. Printing estimates consists of input data, geometry calculations, 

NO of lines = 

where 

D1 = 

D2 = 6 

= 5  

= 4  

D 3  = 0 

= 1  

D4 = 0 

= 1  

2.6.8 Error Messages 

This section contains 

and convergence data. 

200 x (number of harmonics + 1) + number of 
points x (one + sum of output options 1, 2 ,  

and 3) + D 1  x (D2 x number of points printed) 

x ( D 3  x number of harmonics + D 4  x number of 

values of theta considered in combined harmonic 

print ing) 

Number of load levels in case 

Both forces and displacement are requested 

Forces only are requested 

Displacements only are requested 

Separate harmonic printing not requested 

Separate harmonic-printing requested 

Combined harmonic printing not requested 

Combined harmonic printing requested 

those messages which may be printed during program 

execution. Each error message will be described in the following manner: 

a) Message printed 

b) Interpretation 

c) Action taken by program. 

The first eighteen error messages concern the input data. The last 

two messages concern the iterative solution. 



1. (a)  NUMBER OF SEGMENTS EXCEEDS MAXIMUM SIZE.  

(b) The number of segments s p e c i f i e d  i s  g r e a t e r  t h a n  7 .  

(c )  Terminate execu t ion .  

2 .  (a)  NUMBER OF FOURIER HARMONICS EXCEEDS MAXIMUM. 

(b) The number of segments s p e c i f i e d  is  g r e a t e r  t h a n  7 .  

(c)  Terminate execu t ion .  

3 .  (a)  TOO MANY POINTS FOR INDIVIDUAL POINT PLOTTING 

(b) The number of p o i n t s  i n p u t  f o r  " I n d i v i d u a l  p o i n t  p l o t t i n g "  

i s  g r e a t e r  t han  10. 

Terminate execu t ion  a f t e r  r ead ing  remainder of i n p u t  d a t a .  (c)  

4 .  (a)  TOO MANY LOADINGS INPUT FOR PLOTTING 

(b) The number of l oad  l e v e l s  f o r  which p l o t t i n g  in fo rma t ion  

has  been i n p u t  is  g r e a t e r  t han  10. 

(c )  Same as 3c.  

5. (a )  CflNVERGENCE CRITERION NOT GREATER THAN ZERO 

(b) one of t h e  two fo l lowing  i n p u t  v a r i a b l e s  was e q u a l  t o  ze ro :  

The maximum number of harmonic loops o r  t h e  v a l u e  of "8".  

(c )  Same as 3c. 

6. (a )  BflUNDARY CONDITIONS NOT I N  ORDER. 

(b) E i t h e r  4 boundary c o n d i t i o n s  f o r  a p a r t i c u l a r  harmonic w e r e  

no t  i n p u t ,  o r  t h e  harmonic v a l u e  i n p u t  w i t h  t h e  boundary 

c o n d i t i o n s  d i d  n o t  ag ree  wi th  t h e  cor responding  v a l u e  i n  

t h e  l i s t  of harmonics. 

(c )  Same as 3c.  

7 .  (a)  BflUNDARY CONDITIONS DUPLICATEDy HARMONIC = "INTEGER". 

(b) For t h e  harmonic l i s t e d ,  t h e  same boundary c o n d i t i o n  number 

i s  i n p u t  more than once. 

(c )  Same as 3c. 

8. (a )  SEGMENT "I" - REQUESTS TOO MANY POINTS 

(b) Segment "I" s p e c i f i e d  more than  7 3  i n t e r v a l s  

(c )  Same as 3c.  
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9. (a) NUMBER OF POINTS REQUESTED EXCEEDS CASE LIMIT. 

(b) The number of po in t s  requested f o r  t h e  s h e l l  w a s  g r e a t e r  

than 300. 

(c) Same as 3c. 

10. (a) SEGMENT "I" - -- TOO MANY LEADING AND TRAILING INTERVALS. 

(b) The sum of t h e  number of leading and t r a i l i n g  i n t e r v a l s  i s  

g r e a t e r  than t h e  t o t a l  number of i n t e r v a l s  requested f o r  

segment "1". 

(c) Same as 3c. 

11. (a)  GEOMETRY DATA NOT I N  ORDER, SEGMENT "I" 
thll (b) The input  segment number w a s  not t he  same as the  "I 

segment read. 

(c)  Same as 3c. 

1 2 .  (a) LOAD DATA NOT I N  ORDER - SEGMENT "I" - HARMONIC "J" 

(b) E i the r  t he  input  segment number did no t  equal "I" or  f o r  

the "Jth'l harmonic read,  the  input harmonic value d id  not  

equal t h e  I r J t h ' '  harmonic l i s t  value.  

(c) Same as 3c. 

13.  (a)  ELASTIC SUPPORT DATA NOT I N  ORDER - SEGMENT "I" - HARMgNIC "I" - 

1 4 .  (a) 

15. (a)  

(b) 

Same as 12b. 

Same as 3c. 

RESTART OPTION 4 SPECIFIED WHEN FIRST HARMdNIC NOT EQUAL 

TO ZERO 

TERMINATE CASE 

"Update" opt ion may be used only when f i r s t  harmonic equals  

zero.  

Terminate case. 

INPUT HARMdNIC VALUE NOT EQUAL HARMONIC LIST VALUE 

The matr ix  s c a l e  f a c t o r  harmonic i d e n t i f i c a t i o n  did n o t  

correspond with t h e  harmonic l i s t ,  

Same as 3c. 
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16. ( a )  

(b) 

18. ( a )  

(b) 

1 9 .  ( a )  

(b) 

EXECUTION TERMINATED , "I" - INPUT ERRORS 

These were "1" i npu t  e r r o r s .  

t e r m i n a t e  a f t e r  reading  t h e  i n p u t  d a t a  i s  cons idered  i n  t h e  

e r r o r  count .  

Terminate  case. 

Note t h a t  t h e  o p t i o n  used t o  

SEGMENT "J" -- ELASTICITY , THICKNESS , OR MU = 0. 

I n  segment "J" one of t h e  i n p u t  fend p o i n t s  f o r  Young's 

modulus (E) ,  t h i ckness  ( t ) ,  o r  P o i s s o n ' s  r a t i o  ( p )  is 

e q u a l  t o  ze ro .  

Terminate  case. 

EXECUTION TERMINATED BY INPUT OPTION 

Second restart o p t i o n  = 1: Terminate  case a f t e r  per forming  

geometry c a l c u l a t i o n s .  

Execut ion  te rmina ted .  

NO CONVERGENCE AFTER "I" ITERATIONS ON LOAD NO. "J" 

The I I J t h "  l oad  l e v e l  h a s  n o t  converged a f t e r  "I", an  i n p u t  

parameter ,  i t e r a t i o n s .  

P r i n t  t h e  ou tpu t  s p e c i f i e d  i n  t h e  Output S e c t i o n ,  t h e n  

t e r m i n a t e  t h e  case. 

SOLUTION HAS DIVERGED OR MACHINE ERROR HAS OCCURRED 

PRIOR S@LUTI@N TAPE STILL GOOD 

TERMINATE CASE 

INCREMENTAL SOLUTION FOR M = 

One of t h e  f o u r  incrementa l  unknowns i tu",  Itvrt, l'w'l, o r  

" w  

"J" 

has  a v a l u e  g r e a t e r  t han  100. e 
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2.6.9 Case L i m i t a t i o n s  

1. Maximum number of  harmonics cons ide red  i n  each case . . 7 

2 .  Maximum number of  segments i n  each case . . , . . . . . 7 

3 .  Maximum number of  p o i n t s  i n  e n t i r e  s h e l l  . . . . . . . 300 

4 .  Maximum number of  p o i n t s  i n  each segment . . . . . . . 7 4  

(number of i n t e r v a l s  p l u s  one) 

5. Number of  l oad  levels i n  any one g iven  run  . . . . . . 10 

2.6.10 P l o t t i n g  and P r i n t i n g  

This  s e c t i o n  c o n t a i n s  i n s t r u c t i o n s  f o r  implementing i n s t a l l a t i o n  p l o t t i n g  

s u b r o u t i n e s  and changing t h e  number of p o i n t s  p r i n t e d  on each page. 

1. It i s  a n t i c i p a t e d  t h a t  each i n s t a l l a t i o n  w i l l  have t o  implement 

i t s  own Calcomp p l o t t i n g  s u b r o u t i n e s .  

I f  t h e  p l o t t i n g  c a p a b i l i t y  i s  n o t  d e s i r e d ,  t h e  program may 

be  used wi th  no changes.  I f  t h e  p l o t t i n g  o p t i o n s  are e x e r c i s e d  

i n  t h i s  case, t h e  program w i l l  p r i n t  a message i n d i c a t i n g  t h a t  

t h e  i n s t a l l a t i o n  p l o t t i n g  s u b r o u t i n e s  have n o t  been inc luded .  

Dummy s u b r o u t i n e s  have been i n s e r t e d  i n  f r o n t  of t h e  TRW Systems 

s u b r o u t i n e s  CCP and SCAL. 

If t h e  - p l o t t i n g  c a p a b i l i t y  i s  d e s i r e d ,  t h e  s u b r o u t i n e s  PLgTX, 

CCP, and SCAL may be  r ep laced  by t h e i r  i n s t a l l a t i o n  e q u i v a l e n t .  

Note t h a t  t h e  s u b r o u t i n e s  UN50, PADR, and GEgO are only  r e q u i r e d  

by CCP. The fo l lowing  i n s t r u c t i o n s  i n d i c a t e  t h e  s u b r o u t i n e  which 

should  be  modi f ied  t o  use  t h e  i n s t a l l a t i o n  p l o t t i n g  s u b r o u t i n e s .  

Calls t o  Calcomp p l o t t i n g  s u b r o u t i n e s  are made i n  r e g i o n  s i x ,  

s u b r o u t i n e  SUFPX i n  t h r e e  s e p a r a t e  p l a c e s .  

a. Cards SUFP116O and SUFP1170. The v a r i a b l e  vs arc l e n g t h  i s  

p l o t t e d  f o r  g iven  v a l u e s  of t h e t a .  This  c a l l  t o  PLaTX i s  

mul t i cu rve  type  p l o t t i n g .  The arguments f o r  PLOTX are 

d e f i n e d  below. 
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SP 

PB 

XS CAL 

NTE 

I P  

BTITLE 

YTITLE 

TTITLE 

ATITLE 

- independent  v a r i a b l e  of  dimension (91) 

- dependent v a r i a b l e  of dimension (75,5)  

- v a r i a b l e  i n d i c a t i n g  p l o t t i n g  pape r  wid th  

- number of cu rves  i n  t h i s  p l o t  

- number of p o i n t s  f o r  each cu rve  i n  t h i s  p l o t  

- bottom t i t l e  of  dimension (12) 

- s i d e  t i t l e  of dimension (12)  

- t op  t i t l e  of  dimension (12) 

- a n n o t a t i o n  t i t l e  of dimension (5 ,5)  

NCX - symbol f requency f o r  cu rves  

LAST - 1 i n d i c a t i n g  n o t  the l a s t  p l o t  

NPSG - dimension of PB=75 

PLTIM - c e l l  t o  o b t a i n  e s t i m a t e d  p l o t t i n g  t i m e  from 
p l o t t i n g  s u b r o u t i n e .  

The s u b r o u t i n e  PLBT performs t h e  s c a l i n g  by c a l l i n g  SCAL 

and t h e  p l o t t i n g  by c a l l i n g  CCP. 

b .  Cards SUFP1890 and SUFP1900. The v a r i a b l e  i s  p l o t t e d  around t h e  

c i rcumference .  This  i s  s i n g l e  cu rve  p l o t t i n g .  The arguments 

are d e f i n e d  below. 

SP - independent  v a r i a b l e  of maximum dimension (91) 

TP - dependent v a r i a b l e  of  maximum dimension (91) 

XSCAL - v a r i a b l e  i n d i c a t i n g  p l o t t i n g  paper  wid th  

IBNE - e q u a l s  one i n d i c a t i n g  one cu rve  

NTE - number of p o i n t s  i n  t h i s  cu rve  

BTITLE - bottom t i t l e  of dimension (12)  

YTITLE - s i d e  t i t l e  of dimension ( 1 2 )  

TTITLE - t op  t i t l e  of dimension ( 1 2 )  

ATITLE - n o t  used f o r  s i n g l e  curve  mode. 

NCX - symbol f requency f o r  cu rve  

LAST - 1 i n d i c a t i n g  n o t  l a s t  p l o t  

MTHE - dimension of TP = 9 1  

PLTIM - c e l l  t o  o b t a i n  e s t i m a t e d  p l o t t i n g  t i m e  from p l o t t i n g  

subrou t ine .  

A s  i n  a . ,  t h e  s c a l i n g  and p l o t t i n g  i s  performed by PLBT. 
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c. Card SUF"1990. This  c a l l  t o  CCP t e r m i n a t e s  t h e  p l o t t i n g  t ape .  

2 .  I f  an i n s t a l l a t i o n  u s e s  a d i f f e r e n t  l e n g t h  o f  p a p e r  than  t h a t  used 

a t  TRW Systems (40  l i n e s  p e r  page) ,  t h e  number of p o i n t s  p r i n t e d  

on each page can be changed. I n s t r u c t i o n s  are g iven  in r e g i o n  s i x  

sub rou t ine  STRTX. 
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2.7 Program D e s c r i p t i o n  

2 .7 .1  I n t r o d u c t i o n  

Th i s  program has been w r i t t e n  p r i m a r i l y  i n  FORTRAN I V  v e r s i o n  13  f o r  

u s e  on an  IBM 7094 computer. Those s u b r o u t i n e s  n o t  i n  FORTRAN I V  have been 

inc luded  as r e q u i r e d  by t h e  Calcomp p l o t t i n g  s u b r o u t i n e  CCP. 

Because of t h e  s i z e  of t h e  problem, t h e  program c o n s i s t s  of l a r g e  

r e g i o n s  s t o r e d  on magnet ic  t a p e  and connected by a l o g i c a l  moni tor  which 

remains i n  t h e  computer c o r e  a t  a l l  t i m e s .  Whenever t h e  f u n c t i o n  performed 

by a p a r t i c u l a r  r e g i o n  i s  d e s i r e d ,  t h a t  r e g i o n  i s  brought  i n t o  t h e  computer 

co re .  P o r t i o n s  of the  d a t a  r e q u i r e d  by t h e  r e g i o n s  are s t o r e d  i n  c o r e  w h i l e  

t h e  remaining p o r t i o n s  are saved on t ape .  

f i r s t  cons ide r ing  each r e g i o n  s e p a r a t e l y .  

b e  d i scussed  i n  terms of  a l l  t h e  r eg ions .  

The program w i l l  b e  d e s c r i b e d  by 

The flow of t h e  program w i l l  t h e n  

2.7.2 Region Summaries 

This  s e c t i o n  c o n t a i n s  a b r i e f  d e s c r i p t i o n  of each r e g i o n  i n  t h e  program. 

1. MAIN 

2. Region One 

3 .  Region Two 

4 .  Region Three 

5. Region Four 

The M O N I  s u b r o u t i n e  ca l l s  each o f  t h e  moni tors  

i n  each r eg ion .  

I n  r e g i o n  one t h e  i n p u t  d a t a  i s  r ead  and p r i n t e d .  

The S-mesh, s i n e  and c o s i n e  of p h i ,  and material 

p r o p e r t i e s  of  each segment are c a l c u l a t e d  and 

o p t i o n a l l y  p r i n t e d .  A d d i t i o n a l l y ,  c e r t a i n  

"restart" and "update" c a l c u l a t i o n s  are made 

i n c l u d i n g  t h e  c a l c u l a t i o n  of t h e  number of  rows 

i n  each r eco rd  of t h e  "U" and "L" matrices and 

t h e  copying of  t h e  p r i o r  s o l u t i o n  t a p e .  

The m a t r i x  o f  t h e  governing equa t ions  o f  e q u i l i b r i u m  

Is genera ted  f o r  each of  t h e  harmonics.  
The m a t r i x  s o l v e r  (L + U> t a p e  i s  gene ra t ed  and 

t h e  incremental s o l u t i o n  i s  ob ta ined  f o r  each  

harmonic. 
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6.  Region F ive  The fo l lowing  f u n c t i o n s  are performed i n  r e g i o n  

f i v e  : 

1. Genera te  and increment  t h e  p r i o r  so lu t i .on  

t a p e .  

2 .  T e s t  f o r  convergence. 

3 .  Bui ld  t h e  new r i g h t  hand v e c t o r .  

4 .  Increment  t h e  load ing  a f t e r  each convergence. 

7.  Region S i x  The f o r c e s ,  d i sp lacements ,  r o t a t i o n s ,  and stresses 

are c a l c u l a t e d ,  p r i n t e d ,  and p l o t t e d  acco rd ing  

t o  t h e  i n p u t  s p e c i f i c a t i o n s .  

8. Region Seven Used i n  program checkout .  T h i s  r e g i o n  i s  n o t  

e n t e r e d  i n  normal program execu t ion .  

2 . 7 . 3  The Program Flow- 

The f low of c o n t r o l  w i l l  b e  desc r ibed  f o r  an  " o r i g i n a l "  s t a r t ,  a 

''normal'' restart ,  and an "update" restart. Before c o n s i d e r i n g  t h e s e  t h r e e  

t y p e s ,  however, p rocedures  denoted by s e v e r a l  ph rases  should  be  d e f i n e d .  

The ph rase  " s p e c i a l  i t e r a t i o n s "  deno tes  t h e  number o f  i t e r a t i o n s  

performed t o  o b t a i n  a converged s o l u t i o n  f o r  t h e  harmonic M = 0. 

c a l l y ,  t h e  governing -equat ions  of e q u i l i b r i u m  ( ' i K t '  m a t r i x )  f o r  M = 0 

w i l l  b e  so lved  once f o r  each s p e c i a l  i t e r a t i o n .  

S p e c i f i -  

The f low f o r  each s p e c i a l  i t e r a t i o n  i s  a s  fo l lows :  

1. En te r  r e g i o n  t h r e e  and g e n e r a t e  t h e  "K" m a t r i x  f o r  t h e  z e r o  

harmonic u s i n g  t h e  s p e c i a l  i t e r a t i o n  f o r c e s  o b t a i n e d  from t h e  

p rev ious  i t e r a t i o n ( s ) .  

' A '  c o e f f i c i e n t s " .  

These f o r c e s  are used i n  t h e  "modified 

2 .  Ente r  r e g i o n  f o u r  and s o l v e  t h e  fo l lowing  e q u a t i o n  f o r  M = 0 

[ K ] ( X )  = (R) 

where 

[K]  - "K" matrix 

1x1 - s o l u t i o n  v e c t o r  

{R) - r i g h t  hand v e c t o r  
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3 .  Ente r  r e g i o n  f i v e ,  b u i l d  t h e  new r i g h t  hand v e c t o r  f o r  M = 0 ,  

o b t a i n  t h e  ' ' spec i a l  i t e r a t i o n "  f o r c e s ,  r educe  t h e  number of 

remaining s p e c i a l  i t e r a t i o n s  by one,  and go back t o  s t e p  1. 

The f l a g  c o n t a i n i n g  t h e  number of  remain ing  s p e c i a l  

i t e r a t i o n s  is  used i n  r e g i o n s  t h r e e ,  f o u r ,  and f ive  t o  d i f f e r e n -  

t i a t e  between s p e c i a l  i t e r a t i o n s  and "o rd ina ry  i t e r a t i o n s " .  

The ph rase  "o rd ina ry  i t e r a t i o n s "  deno tes  t h e  procedure  fol lowed t o  

o b t a i n  a n  inc remen ta l  s o l u t i o n  f o r  one harmonic. The program f low i s  a l o o p  

which c o n t i n u e s  u n t i l  t h e  s o l u t i o n  converges ,  t h e  s o l u t i o n  d i v e r g e s ,  o r  

t h e  maximum number of harmonic l o ~ p s  is exceeded. 

1. E n t e r  r e g i o n  f o u r  w i t h  f l a g  set f o r  o r d i n a r y  i t e r a t i o n ,  perform 

m a t r i x  m u l t i p l i c a t i o n  and back s u b s t i t u t i o n  t o  o b t a i n  inc remen ta l  

s o l u t i o n  f o r  " I th"  harmonic,  and test f o r  d ivergence .  I f  

i nc remen ta l  s o l u t i o n  h a s  d ive rged ,  t h e  program p r i n t s  a message, 

p r i n t s  t h e  inc remen ta l  s o l u t i o n ,  and t e r m i n a t e s  the execu t ion  of 

t h e  case .  

2 .  En te r  r e g i o n  f i v e ,  add t h e  inc remen ta l  s o l u t i o n  t o  t h e  p r i o r  

s o l u t i o n ,  b u i l d  t h e  new r i g h t  hand v e c t o r  f o r  t h e  "I + l t h "  

harmonic,  and tes t  f o r  convergence. I f  s o l u t i o n  h a s n ' t  

converged, r e t u r n  t o  1. 

increment  t h e  l o a d i n g  i f  a l l  load  increments  have n o t  been 

performed,  b u i l d  t h e  r i g h t  hand v e c t o r  €or  t h e  f irst  harmonic i n  

If s o l u t i o n  h a s  converged,  t h e  program w i l l  

t h e  l i s t  us ing  t h e  incremented load ing  and t r a n s f e r  c o n t r o l  

t o  r e g i o n  s ix ,  where t h e  converged s o l u t i o n  w i l l  b e  p r i n t e d .  

Region s i x  w i l l  send c o n t r o l  t o  1. 

The ph rase  ' ' zero t h  i t e r a t i o n "  deno tes  t h e  procedure  fol lowed i n  t h e  

t r a n s i t i o n  between s p e c i a l  i t e r a t i o n s  and o r d i n a r y  i t e r a t i o n s .  

1. 

2.  Enter r e g i o n  fou r  and b u i l d  t h e  "ut' and "L" t a p e .  T h i s  t a p e  

En te r  r e g i o n  t h r e e  and b u i l d  t h e  "K" m a t r i x  f o r  each harmonic. 

c o n t a i n s  t h e  "U" and "L" matrices d e s c r i b e d  i n  r eg ion  f o u r .  

3 .  Ente r  r e g i o n  f i v e ,  i n i t i a l i z e  t h e  p r i o r  s o l u t i o n  t a p e ,  and b u i l d  

t h e  r i g h t  hand v e c t o r  f o r  M = 0.  
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The t h r e e  types  of runs  ( o r i g i n a l ,  restart, and update)  e n t e r  r e g i o n  

one t o  r ead  t h e  i n p u t  d a t a  and r e g i o n  two t o  b u i l d  t h e  case geometry.  The 

program f low w i l l  be  desc r ibed  assuming r e g i o n  two has  j u s t  been l e f t .  

Flow of an O r i g i n a l  S t a r t .  I n  a n  o r i g i n a l  s ta r t ,  t h e  program 

performs t h e  s p e c i a l  i t e r a t i o n s ,  t h e  ze ro  t h  i t e r a t i o n ,  and t h e  

o r d i n a r y  i t e r a t i o n s  f o r  each load  level .  

Flow of a Normal Restart. I n  a normal res tar t ,  t h e  program e n t e r s  

r e g i o n  f i v e  and b u i l d s  t h e  r i g h t  hand v e c t o r  f o r  M = 0. The 

o r d i n a r y  i t e r a t i o n s  are t h e n  performed. 

Flow of an  Update Restar t .  

t h e  r i g h t  hand v e c t o r  f o r  M = 0 ,  and c a l c u l a t e s  t h e  s p e c i a l  i t e r a t i o n  

f o r c e s  f o r  M = 0. The ze ro  t h  i t e r a t i o n  i s  then  performed w i t h  t h e  

fo l lowing  a d d i t i o n  t o  r e g i o n  t h r e e .  Before t h e  "K" matrix i s  b u i l t  

f o r  harmonic = M ,  t h e  s p e c i a l  i t e r a t i o n  f o r c e s  are b u i l t  f o r  t h e  

harmonic = 2M, i f  i t  e x i s t s  i n  t h e  l i s t  of harmonics.  A f t e r  t h e  zero-  

t h  i t e r a t i o n  i s  completed,  t h e  o r d i n a r y  i t e r a t i o n s  are performed.  

The program e n t e r s  r e g i o n  f i v e ,  b u i l d s  

2.7.4 Blank C@MM@N and Var i ab le  - Symbol D e f i n i t i o n s  

T h i s  s e c t i o n  c o n t a i n s  t h e  d e f i n i t i o n s  of t h e  v a r i a b l e s  i n  t h e  b l ank  

COMMON b lock  and t h e  eng inee r ing  symbol cor responding  t o  t h o s e  v a r i a b l e s .  

VARIABLE SYMBOL DEFINITION OF VARIABLE 

NSGMTS Number of  segments i n  case (INPUT) 

KS 

I SGMT 

I F T N ~  

Number of harmonics i n  case ( I n p u t )  

Curren t  segment number i n  r e g i o n s  one ,  

two, and t h r e e .  

Curren t  harmonic v a l u e  i n  r e g i o n s  one ,  

two, and t h r e e .  

Index used t o  de te rmine  i f  t h e  c u r r e n t  

l oad ing  should  be  p r i n t e d .  

Index of nex t  l o a d i n g  t o  be p l o t t e d .  
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VARIABLE SYMBOL 

NL@AD 

KKKKK 

PHI(7) 

SINP(7) 

C@SP (7 1 

NPSEG(7) 

LSP(7) 

MLI ST (7 ) 

ECR(7) 

ECY (7) 

I@PT ( 1 4 )  

IRES (10) 

NREC (21) 

INTF(10) 

INTF (1) 

INTF ( 2 )  

INTF (3 )  

e r 

e 
Y 

DEFINITION OF VARIABLE 

Number of  l oad ing  i n  t h i s  case ( I n p u t ) .  

Overlay f l a g  i n d i c a t i n g  c u r r e n t  r e g i o n .  

Angle PHI f o r  each segment. 

SINE (PHI) f o r  each segment. 

C@SINE (PHI) f o r  each segment. 

Number o f  p o i n t s  i n  each segment. 

Index of  s t a r t i n g  p o i n t  f o r  each segment. 

Harmonic v a l u e s  f o r  case ( I n p u t ) .  

E c c e n t r i c i t y  between c u r r e n t  and 

fo l lowing  segment,  R-component ( I n p u t ) .  

E c c e n t r i c i t y  between c u r r e n t  and fo l lowing  

segment,  Y-component ( I n p u t ) .  

Inpu t  o p t i o n s  f o r  case ( I n p u t ) .  

Restart o p t i o n s  f o r  case (7 i n p u t ) .  

Number o r  rows i n  each l o g i c a l  r eco rd  

of  K ,  U ,  and L matrices. 

I n t e r n a l  f l a g s  de f ined  by t h e  fo l lowing :  

The number of s p e c i a l  i t e r a t i o n s  f o r  t h e  

z e r o  harmonic ( I n p u t ) .  

The number of s p e c i a l  i t e r a t i o n s  remaining 

t o  b e  performed. I n i t i a l l y ,  i s  e q u a l  t o  

INTF (1). 

Determines whether  o r  n o t  s p e c i a l  i t e r a t i o n  

f o r c e s  may be  used i n  b u i l d i n g  up "K" 

m a t r i x  

= 0 Do n o t  use them, 

> 0 Do u s e  them. 



VARIABLE SYMBOL 

INTF(4) 

INTF (5) 

INTF (6) 

INTF(7) 

INTF(8) 

INTF (9)  

INTF ( l o )  

NSGPL (10) 

NPTPT (10) 

FMUI (2 , 7 1 1.I 

DEFINITION OF VARIABLE 

Overlay f l a g  f o r  r eg ion  4 

= 1 s p e c i a l  i t e r a t i o n  

= 2 o r d i n a r y  i t e r a t i o n  

Index of harmonic under c o n s i d e r a t i o n .  

The number of o r d i n a r y  i t e r a t i o n s  which 

have been performed a t  t h e  c u r r e n t  l oad  

level .  

The number of load  increments  performed. 

Counter c o n t r o l l i n g  t h e  p r i n t i n g  of t h e  

b e t a  v a l u e s  a f t e r  each  complete harmonic 

loop .  

Not used. 

Not used.  

Segment p l o t t i n g  f l a g s  (7 i n p u t ) .  

I n d i v i d u a l  p o i n t  p l o t t i n g  f l a g s .  F l ags  

are i n p u t  by t h e  p o i n t  number i n  t h e  

p a r t i c u l a r  segment. I n t e r n a l l y ,  t h e y  are 

s t o r e d  by t h e  p o i n t  number i n  the e n t i r e  

s h e l l .  

Load p l o t t i n g  f l a g s  ( I n p u t ) .  

I n i t i a l  and f i n a l  v a l u e s  of Young's 

modulus (E) f o r  each segment ( I n p u t ) .  

I n i t i a l  and f i n a l  v a l u e s  of t h i c k n e s s  

( t )  f o r  each segment ( I n p u t ) .  

I n i t i a l  and f i n a l  v a l u e s  of Po i s son ' s  

r a t i o  (1.1) f o r  each segment ( I n p u t ) .  

I n i t i a l  v a l u e  of t h e  r a d i u s  of t h e  

segment ( I n p u t ) .  
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The next four variables contain the following information for the 
th IJKth segment and IJH harmonic 

VARIABLE SYMBOL 

XLDX(1, IJK,IJH) 

XLDX(2,IJK,IJH) 

XLDX(3,IJK,IJH) 

XLDX ( 4 ,  I JK, I JH) 

XLDX(5, IJK,IJH) 

FLDI (5 ,7,7 ) 

FLDF(5,7,7) 

DLDI ( 5,7 ,7 ) 

DLDF(5,7,7) 

DEFINITION OF VARIABLE 

Circumferential loading (y) . 
Meridional loading (y>, 
Normal loading (?). 

Radial loading (F). 

Axial loading (a). 
Initial loading values for each 

segment and each harmonic (Input). 

Final loading values for each segment 
and each harmonic (Input), 

Initial incremental loading values for 

each segment and each harmonic (Input). 

Final incremental loading values for 

each segment and each harmonic (Input). 

Initial and incremental values of the 

applied, discrete, meridional moment 

for each segment and each harmonic 

(Input). 

Initial and incremental values of the 

applied, discrete, radial force for 

each segment and each harmonic (Input). 

Initial and incremental values of the 

applied, discrete, axial force for 

each segment and each harmonic (Input). 

Initial and incremental values of the 

applied, discrete, shear force for 

each segment and each harmonic (Input). 
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VARIABLE 

ECRS(7,7) 

ECYS (7,7) 

RSS (7,7) 

SCF(16,7,7) 

IBC (4,7,2) 

DLBC(4,7,2) - 

S (300) 

FNTH (300) 

FNPH(300) 

@PHI (300) 

QrHE (300) 

STP(12,7) 

SYMBOL DEFINITION OF VARIABLE 

e Eccentricity, center of gravity-offset, S 
r 

R-component for each segment and each 

harmonic (Input), 

S e Eccentricity, center of gravity-offset, 
Y 

Y-component for each segment and each 

harmonic (Input). 

S 
R 

Ne 0 

N 

52 

90 

90 

80 
w 

Support radius for each segment and 

each harmonic (Input). 

Sixteen stiffness coefficients for 
each segment and each harmonic (Input). 

Index of 4 boundary conditions for each 
harmonic and the leading and trailing 

edge (Input) . 
Four boundary conditions for each 
harmonic and the leading and trailing 

edge (Input). 

Increment to four boundary conditions 

for each harmonic and the leading and 

trailing edge (Input). 

S-mesh for all points in shell. 

Circumferential force (N ) for zero 

harmonic. 
e 

Meridional force for zero harmonic. 

2 n = lj2 C ( W  ) 
90 'M 

Meridional rotation (w ) for zero 

harmonic. 
e 

Storage for solution matrix scale 

factors for each harmonic. 
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VARIABLE 

AK(140,23) 

AU(140,23) 

AL (200,13) 

RHV (600) 

SAVE (5,lO) 

SYMBOL DEFINITION OF VARIABLE 

Storage for one logical record of 'K' 
matrix. 

Storage for one logical record of 'U' 
matrix . 
Storage for one logical record of ' L '  

matrix. 

Storage for right hand vector for one 

segment. 

Information saved for each load level. 

2.7.5 Region Description 

This section contains the equivalence definition and the named C@MM@N 

block definition used in each region. 

1. Equivalenced variable definition 

The definitions for regions 1 through 6 are shown in Figures 2.13 

through 2.16. 

in figure 2.13. 

The definitions for region 1 and region 2 are both 

2. Named CgMM0N Definitions 

This section contains the named C(btvh$@h block definitions for each 

region in the program. The definitions for regions one through 

six contain those C@MM@N blocks used exclusively in that region. 
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Pal 

Blank Equivalenced 
C@MM@N Variable  
Variable 

SG (8,7) AK(1,l) 

////, 

MB(lo ' 2, 

AK( 100,l) 

a )  Region 'P 
iuivalenced 
nr iable  

End Points  

W 5 6 , 1 )  
AK(60,l) 

AK( 80, l )  

Y (300) 

R(300) 
- - 

D (300) 

K(300) 

m ( 3 0 0 )  

- 
,+ -e/ / - A  

__ - - 

PS (600,7) 

RHM( 2400) 

- I 

1. 

Snd Points  

IU (140,23) 

LL(160,l) 

4L (200.12) 

,L(200,13: 

j a r i ab le  

E (300) 

H (100) 

FDC (300) 

E d  Eoints  

AL (200,l)  

AL (200,4) 

AL (100,6) 

F igure  2 . 1 3  Region One and  TWO, D e f i n i t i o n  of E q u i v a l e n c e d  V a r i a b l e s  
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Blank 
CQ)MMQ)N 
, V a i a b l e  

AK(1,1) 

Cq uiva l e n  ce d 
Variable 

-7- RHK(2400)  

I 

T 
PS (600,7) 

(2400) 

1 

Figure 2.14 Region Three. Definition of Equivalenced Variables 
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P a r t  a) Regions Four and Five 

lank c#G@q Equivalence< 
Kiable  Variable  

L(100,12) J- a A L (  : { :  , 

_ISV-G (3 . 
IBETA(5.7) , 

GLAM (3,2,7) 

P a r t  b) Region Five 

End 
Po in t s  

144,12) 
AL (165,12) 
AL (200,121 

AL (2,13) 

lquivalence 

Variable  

I 
W(2400) 

I --- I 
PS (600, ;d) 

v 

- 1  
I 

HM (2400) 

End 
Po in t s  

AK(20,18) 

L ( 1 , l )  
L(160,l)  

AL (200,12) 

F i g u r e  2.15 Region Four and Five .  

ouble rec. (85,13) 

1 m i ( 1 6 5 , 1 3 )  

D e f i n i t i o n  of Equivalenced V a r i a b l e s  
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UJ (140 ,23 )  

ILO 

P a r t  a )  

quivalenced 
ariable 

RHK (2400)  

PS (600,7) 

End 
Poin ts  

K(20,18) 

L (160,l) 

P a r t  b)  
Equivalencec 
Variable  

ENT(75,7) 

ENPT(75,7) 

1 
EMT ( 7 5 , 7) 

SP (91) 

[SFLAG (3 , 7) 

End 
Points  

AL ( l25,4) 

AL(50,7) 

AL (175 , 9) 

AL(200,,12) 

AL(91,13) 
AL(112,13) 

Figure  2 .16  Region S i x .  i r e f i n i t i o n  of  Equivalenced Variables 
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a) Main monitor 
NAME VARIABLE DEFINITION OF VARIABLE - 
C#MAA ICHECK Flag for intermediate printout 

COMBB CCBFTA Contains the value of B for which 

convergence is assumed. 

IIMITE Contains the maximum number of harmonic 

loops the program will perform for each 

load level. 

CdMCC C#NFAC Contains the convergence factor. 

b) Region one 

There are no named COMMON blocks used exclusively in region one. 

c) Region two 

There are no named C@MM@N blocks used exclusively in region two. 

d) Region three 

- NAME VARIABLE DEFINITION OF VARIABLE 

C#M31 If index of point under consideration 

is "I" 
I t  1 1  AC (8,8 1 A coefficients for point "I" 

AD(8,8) A coefficients for point "I+1" 11 I t  

CcM32 

SINE Sin($) for current segment 

ccs I Cos($) for current segment 

M Current harmonic value 



NAME VARIABLE 

C#M3 3 

- 

IJ 

MS 

MF 

IND 

I J K  

I J H  

I D I A G  

CdM34 

L#dP 

C#M35 

R 1  

D 1  

K 1  

FDC 1 

FM1 

R2 

D2 

K2 

FDC2 

FM2 

DEFINITION OF VARIABLE 

Index of  p o i n t  under  c o n s i d e r a t i o n  

Index of  s t a r t i n g  p o i n t  of c u r r e n t  

segment 

Index of  las t  p o i n t  of  current segment. 

The row number of  t h e  "K" matrix f o r  

t h e  c u r r e n t  r eco rd .  

The index  of  t h e  segment under  

c o n s i d e r a t i o n  

The index  of t h e  harmonic under  

c o n s i d e r a t i o n  

The row number of  t h e  main d i agona l  

of  t h e  "K" m a t r i x  = 12 

F lag  which i n d i c a t e s  whether o r  n o t  

t h e  modif ied "A" c o e f f i c i e n t s  may 

be  used. 

= 0 no 

= 1 y e s  

I f  t h e  c u r r e n t  p o i n t  i ndex  i s  "I" 

Radius f o r  p o i n t  "I" 

Ex tens iona l  s t i f f n e s s  f o r  p o i n t  "I" 

Bending s t i f f n e s s  f o r  p o i n t  "I" 

C e n t r a l  d i f f e r e n c e  f o r  p o i n t  "I" 

P o i s s o n ' s  r a t i o  f o r  p o i n t  "1" 

Radius f o r  p o i n t  "I+1" 

Extens iona l  s t i f f n e s s  f o r  p o i n t  ''I+l" 

Bending s t i f f n e s s  f o r  p o i n t  "I+1" 

C e n t r a l  d i f f e r e n c e  f o r  p o i n t  "1+ltt 

P o i s s o n ' s  r a t i o  f o r  p o i n t  "I+1" 
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NAME VARIABLE 

CdM36 GgTH(300) 

- 

GgPH (300) 

GNPT (300) 

GNTH(300) 

SIF~R 

CdM37 

ZBR(2) 

e) Region four 

NAME VARIABLE 

C@M4 1 

-. 

KRMPl 

KRMP 2 

MRT 

KBL 

IPTBL (7 ) 

DEFINITION OF VARIABLE 

Circumferential rotation ( w  ) for all 

points and harmonic = 2M 
Meridional rotation ( w  ) for 

9 
all points and harmonic = 2M 

In plane shear force (N 
9 0  

points and harmonic = 2M. 

Circumferential force (N ) for all 0 
points and harmonic = 2M 

Flag governing use of above "UPDATE" 

variables 

= 0.0 D o  not use them 

= 1.0 Do use them 

0 

) for all 

If index of point under consideration 

is "1" 

Normal loading (y )  for points "I" 
and "I+1" 

DEFINITION OF VARIABLE 

= One plus the number of columns to 

the left of the main diagonal of the 

"K" matrix 

= 12 

= 13 

= 1  
= Bandwidth of the "K" matrix 

= 23 

= Set by MABTX, MABLX, and MABBX 
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NAME VARIABLE 

CdM4 2 

- 

AB (23) 

ST (12) 

AL l(13) 

C@M4 3 
DTM 

DTMl 

C@M44 

CRT(12,l) 

ALT (13) 

CT (12) 

C@M4 5 

INTF2 

CgM4 9 
IdPT5 

DEFINITION OF VARIABLE 

Locations where each row of "K" is 

placed as input to MABTX 

Locations where each row of "U" 

is placed by MABTX 

Locations where the matrix scale 

factors for one harmonic are placed 

Locations where each row of "L" is 

placed by M B T X  

Location where each right hand vector 

element is placed by BSUBX 

Location where each solution value is 

put by MABBX 

Location where each "P" element is 

put by W B L X  

Scaled double precision determinant of 

the "K" matrix 

The scaled single precision or depressed 

determinant of the "K" matrix 

Working storage used by MABLX 

Double'precision block of working 

storage used by MABTX 
Double precision block of working 

storage used by PlIABTY 

Internal flag number two 

Output option number five 
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Region f i v e  

NAME VARIABLE 

OM51 

I J K  

I J H  

IJ 

MS 

MF 

CdM5 2 

SINE 

C@SI 

HM 

M 

N@NE 

DEFINITION OF VARIABLE 

Index of segment under c o n s i d e r a t i o n  

Index of harmonic under c o n s i d e r a t i o n  

Index of p o i n t  under c o n s i d e r a t i o n  

Index of s t a r t i n g  p o i n t  of t h i s  

segment 

Index of ending p o i n t  of t h i s  segment 

Double p r e c i s i o n  v a l u e  of s i n e  (PHI) 

f o r  c u r r e n t  segment 

Double p r e c i s i o n  v a l u e  of c o s i n e  (PHI) 

f o r  c u r r e n t  segment 

Double p r e c i s i o n  va lue  of c u r r e n t  

harmonic 

S i n g l e  p r e c i s i o n  v a l u e  of c u r r e n t  

harmonic 

Index f o r  p o i n t  "I" and ttI+l" 

3 (Al l  v a r - a b l e s  are i n  double  p r e c i s i o n )  

D (2) Ex tens iona l  s t i f f n e s s  f o r  p o i n t s  "I" 

and I '  1+1 ' I  

Bending s t i f f n e s s  f o r  p o i n t s  "I" and 

I t I + l "  

BK(2) 

R(2) Radius f o r  p o i n t s  "I" and ttI+l" 

P o i s s o n ' s  r a t i o  "I" and ' I I + l "  

DS (2) C e n t r a l  d i f f e r e n c e  f o r  p o i n t s  "I" 

and ' I I + l "  

XBR(2) C i r c u m f e r e n t i a l  l oad ing  f o r  p o i n t s  

"I" and "I+l" 

YBR(2) Mer id iona l  l o a d i n g  f o r  p o i n t s  "I" 

and "I+l" 
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NAME VARIABLE DEFINITION OF VARIABLE 

COM54 

- 
(All variables are in double precision) 

RSTR(8) 

ZBR ( 7 ,2) Normal loadfng for all harmonics, 

points "I" and lrI+l" 

Weridional rotation for all 

harmonics, points "I" and ttI+l" 

Eight R* values for point "I" 

G@P (7,2) 

GQ)M(7,2) Normal rotation for all harmonics, 

points "I" and trI+l" 

GNT(7,2) Circumferential force for all 

harmonics, points "I" and 'lI+l" 
GNPT(7,2) Shear force for all harmonics, points 

"I" and "I+1" 
FLAM(9,2) Lambda values for points "I" and "I+1" 
EPS(7,2) Strain for all harmonics, points "I" 

and ttI+l" 

CgM55 (Both variables are in double precision) 

GMT (2) Circumferential moment for points 

"I" and ''I+1" 

Shear moment for points "I" and 1'1+1" GMPT (2) 

CgM5 6 (Variable is in double precision) 

X(8,2,7) Values of eight unknowns for points 

"I" and "I+1" and for all harmonics 

CdM5 7 
S 

S 

e for this segment and harmonic ERS 

EYS e for this segment and harmonic 

n R1 

RBB Support radius for this segment and 

r 

Y 
Radius at last point of segment (R ) 

Rs IRn 
harmonic divided by "R1" i.e., 
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NAME VARIABLE DEFINITION OF VARIABLE - 
C#M58 (All v a r i a b l e s  are i n  double  p r e c i s i o n )  

COM59 

IND 

INDK 

g) Region s i x  

NAME VARIABLE 

CdM61 I J K  

I J H  

IJ 

MS 

MF 

C(8M62 

R 

D 

CK 

FM 

SD 

ARC 

HT 

These f o u r  s t o r a g e  v e c t o r s  are used 

t o  i n p u t  t h e  f o r c e s  and r o t a t i o n s  t o  

t h e  summation s u b r o u t i n e  

Index f o r  new s o l u t i o n  v e c t o r  f o r  

one segment 

Index f o r  new s o l u t i o n  v e c t o r  f o r  

e n t i r e  she l l  

DEFINITION OF VARIABLE 

Index of c u r r e n t  segment 

Index of c u r r e n t  harmonic 

Index of c u r r e n t  p o i n t  

Index of s t a r t i n g  p o i n t  of t h i s  

segment 

Index of ending  p o i n t  of t h i s  segment 

Radius f o r  t h i s  p o i n t  

Ex tens iona l  s t i f f n e s s  f o r  t h i s  p o i n t  

Bending s t i f f n e s s  f o r  t h i s  p o i n t  

P o i s s o n ' s  r a t i o  f o r  t h i s  p o i n t  

S-mesh v a l u e  f o r  t h i s  p o i n t  

A r c  l e n g t h  f o r  t h i s  p o i n t  

Thickness f o r  t h i s  p o i n t  
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- NAME VARIABLE DEFINITION OF VARIABLE 

C#M6 3 

HNT(7) Circumferential force (Ne) for all 

harmonics at current point 

Shear moment (M ) for all harmonics 

at current point 
40  

HMPT(7) 

HW(7) Meridional rotation ( w  ) for all 
4 

harmonics at current point 

Normal rotation (w ) for all harmonics M 
at current point 

Circumferential moment (M8) for all 

HaM(7) 

HMT(7) 
harmonics at current point 

C0M64 

C6M65 

X(8,70 Eight unknowns for all harmonics: 

These two arrays are used to input 

information to the summation subroutine 

A(7) B(7) ] sumx 

C0M6 6 
GLAM(3,7) Storage for A ( * ) ,  and X (4) for 

all harmonics at current point 

C#M6 7 

SINE Sin (4)  for this segment 
C8SI Cos ( 4 )  for this segment 
HM Floating point valde of current 

M 

harmonic 

Fixed point value of current harmonic 
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VARIABLE 

C#M68 

DELR(7) 

DELY (7) 
ANR(7) 

ANY(7) 

BP(7) 

COM69 
KST 

NS#C 

PTEM(20) 

C#M6A 

STHE(7) 

CTHE(7) 

C#M6B 

I#PT6 

I#PT7 

IOPT8 

I#PT9 

I#PT10 

IgPT11 

IgPT12 

IgPT13 

IoPT14 

DEFINITION OF VARIABLE 

For the point under consideration: 

Radial displacement for all harmonics (6,) 

Axial displacement for all harmonics (6y) 

Radial force for all harmonics 

Axial force for all harmonics 

Meridional bending moment for all 

(Nr 1 
(Ny) 
(M$) 

harmonic s 

Circumferential bending moment for (Me) 

all harmonics 

Controls flow of program 

= IJH. Calculations for "IJH thl, 

harmonic 

= KS. Calculations for combined 

harmonics 

= 1 Separate harmonic calculations 

= 2 Combined harmonic calculations 

Printing buffer 
~ 

sin(Mx0) for each harmonic 

cos(Mx0) for each harmonic 

output 

output 

output 

output 

output 

output 

output 

output 

option 

option 

opt ion 

option 

option 

option 

opt ion 

opt ion 

number 

number 

number 

number 

number 

number 

number 

number 

six 

seven 

eight 

nine 

ten 

eleven 

twelve 

thirteen 

Output option number fourteen 
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NAME VARIABLE 

CdM6C 

- 

NFLAG 

MFLAG 

MMFLAG 

TPLTIM 

CdM6D 

THET 

CdM6E 

NPL~T 

C@M6F 

S IGMAX 

S IGTHE 

ISIGPT 

DEFINITION OF VARIABLE 

Controls plotting 

= 0 no plotting 

= 1 plot only force vs. S for values 

of theta 

= 2 plot only force vs. theta at 

several points 
= 3 plot both 1 and 2 

Controls use of sin ( e )  or cos (e)  
in plot summations 

= 1 Use sin (M*B) 
= 2 Use cos (M*8) 

Contains index of force being printed 

= 1 Circumferential force (Ne  1 
= 2 Circumferential bending moment (Me) 
= 3 In plane shear force (E$ e 
= 4 Meridional force (N$) 

(M$) = 5 Meridional bending moment 
Contains total plotting time for 

this load level 

Floating point value of theta 

Contains number of plots made for 

this load level 

Maximum value of effective stress for 

segment 

Value of theta at maximum stress 

Point number of maximum stress 
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h)  Region seven 

There are no named COMMON b locks  used e x c l u s i v e l y  i n  r e g i o n  

seven 

2.7.6 . Core Layout. 

The c o r e  u s e  by t h e  program f o r  each  of  t h e  ove r l ay  l i n k s  is  shown 

t h e  TRW Systems i n  F i g u r e  2 .17 .  

t r a n s c r i p t i o n  mode us ing  t h e  13JB systems t a p e .  

The s t a r t i n g  p o i n t s  g iven  are f o r  

2 . 7 . 7  Subrou t ine  D e s c r i p t i o n s .  

Th i s  s e c t i o n  c o n t a i n s  a b r i e f  d e s c r i p t i o n  of t h e  s u b r o u t i n e s  i n  each 

r e g i o n  of t h e  program. 

1. Main Monitor 

MONIX Calls each of t h e  r e g i o n s  depending on t h e  s t a t u s  

of t h e  ove r l ay  f l a g  KKKKK. 

F D I C X  C a l c u l a t e  t h e  f i n i t e  d i f f e r e n c e  c o e f f i c i e n t s  f o r  

each p o i n t  i n  one segment of a S-mesh. The 

S-mesh v e c t o r  and t h e  s t a r t i n g  and ending i n d i c e s  

- o f  t h e  segment under c o n s i d e r a t i o n  must be  i n p u t  t o  

FUICX. 

Given a l i s t  of harmonics and t h e  number of harmonics 

i n  t h e  l i s t ,  GETMX de termines  and saves f o r  each  

harmonic M t h e  i n d i c e s  of t h e  harmonics such t h a t  

i n  t h e  fo l lowing  t h r e e  types  of harmonic summations 

t h e  terms of t h e  summation are n o t  t r i v i a l l y  e q u a l  

t o  ze ro  ( i . e . ,  t h e  s u b s c r i p t s  of each f a c t o r  i n  a 

g iven  term are i n  t h e  l ist  of harmonics) .  

GETMX 

m 

BM+II 
II= 1 
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SYSTEM 

Syntam subroutines and required 
mathematical eubroutines. 

.egion 4 



M- 1 

2. BM-R R= 1 

2. 

The ar rays  ISFLAG and M I N D  are generated. 

def ined by the  following: 

They are 

ISFLAG(1,M) = number of harmonics g rea t e r  than zero  

f o r  harmonic M 

(2,M) = number of p a i r s  of harmonics such t h a t  

' L '  and ' M  + L '  e x i s t  i n  t he  harmonic 

l i s t  f o r  harmonic M 

(3,M) = number of p a i r s  of harmonics such t h a t  

'L '  and ' M  - L' e x i s t  i n  the  harmonic 
l i s t  far harmonic M . t 

MIND(I,l,M) = ' M  + L' index f o r  Ith 'L '  and ' M  + L '  

p a i r  

(I,2,M) = ' L '  index f o r  Ith ' L '  and ' M  + L '  p a i r  

(1,3,M) = ' L '  index f o r  Ith ' L '  and ' M  - L '  p a i r  

(1,4,M) = ' M  - L' index f o r  Ith ' L '  and 'M - L'  

p a i r  

M f o r  Ith harmonic 

(1,5,M) = number of harmonics i n  l i s t  less than 

UN50 Contains the  f i l e  d e f i n i t i o n s  f o r  t a p e  50 

PADR Required by the  p l o t t i n g  subrout ine CCP 

GE@@ Required by the  p l o t t i n g  subrout ine CCP 

Region one 

M@NIX Reads, p r i n t s  and makes consis tency checks on most 

of t h e  input  data .  

BC@NX Reads and p r i n t s  the  boundary condi t ion input  da t a .  

Consistency and uniqueness checks are a l s o  made on 

t h e  da ta .  
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PDINX Reads and p r i n t s  t h e  segment p l o t t i n g  f l a g s ,  t h e  

i n d i v i d u a l  p o i n t  p l o t t i n g  f l a g s ,  and t h e  load  

p l o t t i n g  f l a g s .  See i n p u t  d a t a  d e s c r i p t i o n  f o r  

d e f i n i t i o n s  of t h e s e  f l a g s .  

3 .  Region Two 

MdN2X Monitors t h e  geometry c a l c u l a t i o n s  of t h e  s h e l l  and 

o p t i o n a l l y  p r i n t s  them, The increments  due t o  t h e  

i n p u t  a x i a l  a n d , r a d i a l  l oad ings  are added t o  t h e  

c i r c u m f e r e n t i a l  and normal load ing  end p o i n t s .  

GE@MX For each segment GEQlMX c a l c u l a t e s  t h e  s i n e  (9) and 

t h e  c o s i n e  (9) , t h e  r a d i u s  (R) , and t h e  ver t ica l  

d i s t a n c e  (Y). GEQMX a l s o  ca l l s  t h e  s u b r o u t i n e  MESHX. 

MESHX For each segment MESHX g e n e r a t e s  t h e  S-mesh. 

EHMUX Given t h e  i n i t i a l  and f i n a l  va lues  o f  a l i n e a r  

f u n c t i o n ,  EHMUX c a l c u l a t e s  t h e  v a l u e s  of  t h a t  

f u n c t i o n  a t  each p o i n t  i n  t h e  S-mesh. Th i s  sub- 

r o u t i n e  c a l c u l a t e s  Young's modulus (E), t h e  t h i c k n e s s  

( H ) ,  and P o i s s o n ' s  r a t i o  ( u )  f o r  each segment. 

DANKX Given Young's modulus (E) ,  P o i s s o n ' s  r a t i o  (?.I), and 

- th i ckness  (H) a t  each p o i n t  of an S-mesh, DANKX 

c a l c u l a t e s  t h e  e x t e n s i o n a l  (D) and bending (K) 

s t i f f n e s s  a t  each p o i n t  i n  t h e  S-mesh. 

NRPRX For a restart case NRPRX c a l c u l a t e s  t h e  number of 

rows i n  each r eco rd  o f  t h e  "U" and "L" m a t r i c e s  on t h e  

"L + U" t a p e .  

4 .  Region Three 

M(dN3X Determines t h e  harmonic va lues  f o r  which t o  b u i l d  up 

t h e  "K" m a t r i x  and c a l c u l a t e s  f o r  an update  case t h e  

s p e c i a l  i t e r a t i o n  f o r c e s  f o r  a l l  harmonics b u t  t h e  

ze ro  harmonic. 
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HARMX 

MISCX 

ACADX 

ACQ)FX 

MAc#x 

GAMMX 

BETAX 

KCQIFX 

EQUMX 

BRHVX 

Con t ro l s  t h e  c o n s t r u c t i o n  of t h e  "K" m a t r i x  f o r  t h e  

g iven  harmonic. HARMX saves t h e  m a t r i x  on t a p e ,  

o p t i o n a l l y  p r i n t s  t h e  matrix, and saves t h e  r i g h t  

hand v e c t o r  f o r  t h e  f i r s t  s p e c i a l  i t e r a t i o n .  

For t h e  p o i n t  under c o n s i d e r a t i o n :  

1) C a l c u l a t e s  t h e  v a l u e s  of r e q u i r e d  p h y s i c a l  

c h a r a c t e r i s t i c s  of t h e  segment. 

T r a n s f e r s  t h e s e  v a l u e s  f o r  llI+l''th s t o r a g e  a r r a y s  

t o  1 1 1 1 1 ~ ~  s t o r a g e  a r r a y s .  

2)  

Cont ro l s  t h e  c a l c u l a t i o n  of t h e  "A" c o e f f i c i e n t s  and 

t h e  modified "A" c o e f f i c i e n t s  f o r  t h e  p o i n t  and 

t h e  t I I + l " t h  p o i n t .  

C a l c u l a t e s  t h e  "A" c o e f f i c i e n t s  f o r  a g iven  p o i n t .  

Calculates t h e  modified "A" c o e f f i c i e n t s  f o r  a g iven  

p o i n t .  

Bu i lds  t h e  l e a d i n g  and t r a i l i n g  boundary c o n d i t i o n  

equa t ions .  

Bu i lds  t h e  l e a d i n g  and t r a i l i n g  d i s c o n t i n u i t y  e q u a t i o n s .  

C a l c u l a t e s  t h e  "k" c o e f f i c i e n t s  used i n  t h e  

d i s c o n t i n u i t y  equa t ions .  

C a l c u l a t e s  t h e  e q u i l i b r i u m  e q u a t i o n s  f o r  t h e  "I 

p o i n t .  

Bu i lds  t h e  r i g h t  hand v e c t o r  f o r  t h e  f i r s t  s p e c i a l  

i t e r a t i o n .  

11th 

5. Region Four 

MdN4X Monitors t h e  s o l u t i o n  of t h e  e q u a t i o n s .  MdN4X ca l l s  

each of t h e  s u b r o u t i n e s  LANUX, PELRX and BSUBX. For 

s p e c i a l  i t e r a t i o n s  M#N4X c a l l s  LANUX and BSUBX. 

t h e  beginning  of t h e  o r d i n a r y  i t e r a t i o n s ,  MQ)N4X 

ca l l s  LANUX f o r  each harmonic,  sets up t h e  "L + Ut' 
t a p e  i n  t h e  proper  format as shown i n  F igure  2 . 8 ,  and 

p r i n t s  t h e  m a t r i x  s c a l e  f a c t o r s .  For t h e  o r d i n a r y  

i t e r a t i o n s  MdN4X c a l l s  PELRX t h e n  BSUBX. 

A t  
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PELRX Interacts with the almost band matrix multiplication 

subroutine MABLX for each harmonic. Used only for 

ordinary iterations, PELRX inputs the transformation 

matrix "L" and the right hand vector "R" to MABLX 

and obtains the vector "P", which is saved on top of 
"RI' . "L" is read from the ''L+U'' tape. 

BSUBX Interacts with the almost band matrix back-substitution 

subroutine W B X  for each harmonic. BSUBX inputs the 

upper triangular matrix "U" and the vector "PI' to 

MABBX and obtains the solution vector "X", which is 
stored on top of "PI'. 

scratch tape for special iterations and read from the 

"L+U" tape for ordinary iterations. 

The matrix "U" is read from a 

PRNXX Prints the incremental solution vector if solution 

diverges. 

PRMYX Prints intermediate results in program checkout. This 

subroutine is not entered in normal execution of a 

p rob 1 em. 
MABTX Triangularizes a band matrix. 

MABLX Performs a matrix multiplication for a band matrix. 

MABBX Performs a back-substitution for a band matrix. 

RDCXX Used by MABTX. 

6 .  Region Five 

MgN5X Reads the prior solution tape for each segment, 

CALL'S TCCRX to calculate the convergence criterion 

data, adds the incremental solution to the prior 

solution, CALL'S CNRHX to build the new right hand 

vector, tests for convergence, and increments the 

loading after each convergence. 

TCCRX Calculates the convergence criterion data for each 

harmonic. The five maximum values in a shell for 
each harmonic are saved, 
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CNRHF Monitors t h e  c a l c u l a t i o n  of t h e  new r i g h t  hand v e c t o r  

a t  each p o i n t  f o r  t h e  g iven  segment. The s u b r o u t i n e s  

c a l l e d  are @MEGX, SDATX, PVALX, BVECX o r  DVECX, and RANPX. 

For t h e  segment under c o n s i d e r a t i o n ,  @MEGX c a l c u l a t e s  

t h e  m e r i d i o n a l  r o t a t i o n  (w ), t h e  normal r o t a t i o n  

(a) and t h e  s t r a i n  ( E )  a t  each p o i n t .  

t h e  s u b r o u t i n e  FDICX t o  c a l c u l a t e  t h e  f i n i t e  

d i f f e r e n c e  c o e f f i c i e n t s  f o r  each p o i n t  of t h e  segment. 

glMEGX 

@ 
@MEGX a l s o  c a l l s  

SDATX Performs t h r e e  f u n c t i o n s :  

1. C a l c u l a t e s  t h e  necessa ry  p h y s i c a l  c h a r a c t e r i s t i c s  

of t h e  segment a t  t h i s  p o i n t .  

2. C a l c u l a t e s  t h e  c i r c u m f e r e n t i a l  and mer id iona l  

l oad ing  a t  t h i s  p o i n t  f o r  t h e  harmonic under 

c o n s i d e r a t i o n ,  as w e l l  as t h e  normal 

load ing  a t  t h i s  p o i n t  f o r  a l l  harmonics. 

3 .  For a l l  harmonics, t r a n s f e r s  t o  a named C@MM@N 

b l o c k  t h e  e i g h t  unknowns from p rev ious  s o l u t i o n s  

f o r  t h i s  p o i n t .  A d d i t i o n a l l y ,  SDATX t r a n s f e r s  t h e  

c i r c u m f e r e n t i a l  and mer id iona l  r o t a t i o n s  and t h e  

s t r a i n  which were c a l c u l a t e d  segment-wise from 

t h e  segment s t o r a g e  a r r a y s  t o  t h e  named C@MM@N 

b locks  f o r  t h i s  p o i n t .  

SDATX i s  e n t e r e d  once f o r  each p o i n t .  

PVALX Calls t h e  s u b r o u t i n e  LAMBX t o  calculate t h e  LAMBDA 

v a l u e s ,  c a l c u l a t e s  t h e  c i r c u m f e r e n t i a l  and s h e a r  

f o r c e s  f o r  a l l  harmonics, and c a l c u l a t e s  t h e  s h e a r  

moment f o r  t h e  c u r r e n t  harmonic. A l l  v a l u e s  are 

c a l c u l a t e d  i n  double  p r e c i s i o n .  
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LAMBX C a l c u l a t e s  t h e  LAMBDA va lues  a t  each p o i n t  f o r  t h e  

fo l lowing  s i t u a t i o n s  : 

1. LFLAG = 1: C a l c u l a t e s  LAMBDA(3) and LAMBDA(4) f o r  

a l l  harmonics and s t o r e s  t h e  v a l u e s  i n  

t h e  GLAM a r r a y .  

2 .  LFLAG = 2: C a l c u l a t e s  LAMBDA(2) f o r  a l l  harmonics  

and s t o r e s  t h e  v a l u e s  i n  t h e  GLAM a r r a y .  

3. LFLAG = 3 :  C a l c u l a t e s  LAMBDA(I),I = 1 , 5 , 6 , 7 , 8 ,  

and 9 f o r  t h e  harmonic under consid-  

e r a t i o n  and s t o r e s  t h e  v a l u e s  i n  t h e  

FLAM a r r a y .  

LAMBX u s u a l l y  ca l l s  t h e  s u b r o u t i n e  SUMMX which performs 

t h e  summations f o r  each LAMBDA va lue .  The i n p u t  

t o  t h e  summation s u b r o u t i n e  f o r  each LAMBDA i s  

desc r ibed  i n  t h e  i n p u t  b u f f e r  d e f i n i t i o n s  i n  F i g u r e  2.18.  

SUMMX Performs one of t h e  f o u r  fo l lowing  t y p e s  o f  summations 

depending on t h e  i n p u t  f l a g s .  

SUMMATIONS 

1. IABCD = 1 

= A BM + (IFLAG) (%Bo) 
0 

m - 1 

R= 1 + - 2 ' [*!LB(M+!L) @ A(M+R)BR3 

M- 1 

R= 1 + A  (M-R)B(R) 
1 
4 + [AEB(M-R) 

I f  IFLAG = 1, s i g n s  c i r c l e d  are used.  

= 0 ,  s i g n s  c i r c l e d  a r e n ' t  used 

17 5 



t- 
2 

3 

4 

- 
5 

6 

7 

8 

M= 0 0 
M#O 1 

x w t o  summation a .  Add N$o 
00 

b. Add(wg0)2 to  summation 

C .  LAMBDA value calculated WithinLAMBX subroutine 

d .  LAMBDA value = 0 

e. Add 2; x u e  swe_ t o  summation 
O M  

Figure 2.18 Definit ion of Input Buffer Values and Flag Values 

S e t  for the Summation Subroutine 
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2 .  IABCD = 2 

(1) = [AB + CD], 

= Bo% + ( I F L A G  - l ) ( C o D M )  + Il?LAG(AoBM) 

03 

1 
- [ B g A ( ~ R )  ‘RD(M+R) 

R=l 

- 
@ ( B ( M + R )  A R + C  (M+R) D R 11 

I f  I F L A G  = 1, s i g n s  c i r c l e d  are used. 

= 0 ,  s i g n s  c i r c l e d  a r e n ’ t  used.  

3 .  IABCD = 3 

(I) = [A2 + B 2 I M  AM 

93 

= x. [ARA(M+R) BRB(M+R) 
R= 1 

I f  I F L A G  = 1, s i g n s  c i r c l e d  are used. 

= 0 ,  s i g n s  c i r c l e d  a r e n ‘ t  used.  
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4 .  IABCD = 4 

(I) = [AB + C D I M  AM 

1 = - c [ARBR + caca1 
R = l  

I f  IFLAG = 0 ,  A , B , C ,  and D are d i s t i n c t  

= 1, se t  B = A and D = C 

BVECX C a l c u l a t e s  t h e  l e a d i n g  and t r a i l i n g  boundary c o n d i t i o n  

va lues  f o r  t h e  f i r s t  and l as t  segments of t h e  s h e l l .  

In a d d i t i o n ,  f o r  t h e  las t  segment BVECX t r a n s f e r s  t h e  

r i g h t  hand v e c t o r  v a l u e s  from t h e  one segment s t o r a g e  

v e c t o r  RHV t o  t h e  e n t i r e  s h e l l  s t o r a g e  v e c t o r  RHK. 
DVECX C a l c u l a t e s  t h e  l e a d i n g  and t r a i l i n g  d i s c o n t i n u i t y  

equa t ion  va lues .  Subrou t ine  i s  en te red  twice a t  

each j u n c t i o n  as some t e r m s  i n  b o t h  t r a i l i n g  and 

l e a d i n g  v a l u e s  r e q u i r e  t h e  unknown va lues  a t  t h e  

las t  p o i n t  of  one segment and t h e  f i r s t  p o i n t  o f  t h e  

fo l lowing  segment. A f t e r  t h e  l e a d i n g  va lues  have 

been c a l c u l a t e d ,  t h e  r i g h t  hand v e c t o r  va lues  are 

t r a n s f e r r e d  from t h e  one segment s t o r a g e  a r r a y  

RHV t o  t h e  e n t i r e  s h e l l  s t o r a g e  a r r a y  RHK. 

KCdGX Performs t h e  e x a c t  same f u n c t i o n  as r e g i o n  t h r e e  

sub r o u t i n e  KC@ FX. 

RANPX For each of t h e  p o i n t s  i n  a segment,  RANPX c a l c u l a t e s  

t h e  r e s i d u a l  (R*) va lues  and forms t h e  new r i g h t  hand 

v e c t o r .  Note t h a t  RANPX must c a l c u l a t e  t h e  index  

p o s i t i o n  of  t h e  named CQ)MMQ)N b lock  v a r i a b l e s  f o r  

bo th  t h e  c u r r e n t  and nex t  p o i n t .  

7 .  Region S i x  

M@NGX Monitors  r e g i o n  s i x .  The s h e l l  i s  cons idered  segment- 

w i s e  f o r  a i i  harmonics.  
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FMROX 

SDAVX 

LANBX 

SUNNX 

STRTX 

DISPX 

FORCX 

SUFPX 

IBCDFR 

PLOTX 

C a l c u l a t e s  t h e  normal r o t a t i o n  (a), t h e  c i r c u m f e r e n t i a l  

f o r c e  (Ne) and moment (M ),  and t h e  s h e a r  moment (M ) 

a t  a l l  p o i n t s  f o r  a l l  harmonics  f o r  t h e  g iven  segment.  

Performs t h r e e  f u n c t i o n s  f o r  t h e  p o i n t  under  c o n s i d e r a t i o n :  

e $ 9  

1. C a l c u l a t e s  t h e  r e q u i r e d  p h y s i c a l  c h a r a c t e r i s t i c s .  

2. T r a n s f e r s  t h e  e i g h t  unknowns f o r  a l l  harmonics  

from a segment s t o r a g e  a r r a y  t o  a p o i n t  

s t o r a g e  a r r a y .  

3 .  For a l l - h a r m o n i c s ,  t r a n s f e r s  t h e  normal r o t a t i o n  

(w) , t h e  c i r c u m f e r e n t i a l  f o r c e  (N ) and moment (M ),  

and t h e  s h e a r  moment (M ) from segment s t o r a g e  (Po 
a r r a y s  t o  p o i n t  e t o r a g e  a r r a y s .  

e e 

C a l c u l a t e s  A ( 2 ) ,  A ( 3 ) ,  and A ( 4 )  f o r  a l l  harmonics  a t  

t h e  given p o i n t .  

Performs t h e  t y p e  "A" summation desc r ibed  i n  t h e  

r eg ion  f i v e  s u b r o u t i n e  "SUMMX". 

P r i n t s  t h e  heading  a t  t h e  t o p  of each page and t h e  

f i r s t  l i n e  a t  each p o i n t  i n c l u d i n g  t h e  p o i n t  number, 

segment number, e tc .  

C a l c u l a t e s  and p r i n t s  t h e  d isp lacements  and r o t a t i o n s  

f o r  t h e  p o i n t  under c o n s i d e r a t i o n .  

C a l c u l a t e s  and o p t i o n a l l y  p r i n t s  t h e  f o r c e s  and 

stresses f o r  t h e  p o i n t  under  c o n s i d e r a t i o n .  

C a l c u l a t e s  t h e  r e s u l t s  of a g iven  f o r c e  f o r  t h e  

p l o t t i n g  o p t i o n s .  

S e t s  a f l o a t i n g  p o i n t  i n t e g e r  of t h r e e  d i g i t s  o r  

less t o  l e f t - j u s t i f i e d  h o l l e r i t h  form. 

A s u b r o u t i n e  which CALL'S SCAL and CCP t o  scale end 

p l o t  curves  on l i n e a r  g r i d s .  D e t a i l e d  d e s c r i p t i o n s  

of SCAL and CCP have  been  inc luded  t o  a i d  i n s t a l l a t i o n  

p l o t t i n g  s u b r o u t i n e  implementat ion.  



START 7 I ZERO OUT 
NECESSARY 
VARlA BLES 

I I 
READ A N D  WRITE 

NUMBER OF 
SEGMENTS, 

HARMON ICs 
LOAD I NGS 

A N D  SPECIAL 
ITERATIONS 

I 
1 I 

INITIALIZE 
INTERNAL FLAGS 

FOR SPECIAL 
ITERATIONS 

INCREMENT 

SEGMENTS 7 FLAG, I.E., 
NO TERMINATION b 

KILL = K I L L +  1 

I 

b KILL = KILL + 1 
NO 

I 

READ A N D  WRITE 
PRINTING A N D  

PLOTTING FLAGS 
CALL PDlN 

KILL = 0 

READ A N D  WRITE READ A N D  WRITE 
HARMONIC OUTPUT 

VALUES OPTIONS 

F i g u r e  2. 19. Subrout ine MONIX 
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READ A N D  WRITE 
CONVERGENCE 

FLAGS 

L 

INCREMENT 
TERMINATION 

FLAG 

* 

READ 
BOUNDARY 

CONDITIONS 
CALL BCON 

Figure 2. 19. Subroutine MONlX (Continued) 
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WRITE 
"SEGMENT 

DATA" 

Dv 300 READ A N D  WRITE 
IJK = 1, NSGMTS S-MESH b 

DATA 

ADD NO. O F  
POINTS REQUESTED 

TO NPTS 

OUTPUT 
ERROR 

MESSAGE 
(1 052) 

b 

6 

KILL = K I L L +  1 

F i g u r e  2.  19. Subrout ine MONlX (Continued)  
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OUTPUT 
ERROR 

MESSAGE 
(1050) 

D KILL = KILL + 1 

OUTPUT 
ERROR 

MESSAGE 
(1051) 

b 

I 

KILL = KILL + 1 

ERROR 
MESSAGE 

(1059) 

NO 
KILL = KILL + 1 



@--I__? IJH = 1, KS 

WRITE 
ERROR 

(1 060) 
MESSAGE .I NO 

READ A N D  WRITE READ A N D  WRITE 
IN I TI TAL FINAL 

DATA 

KILL = KILL + 1 

7 

I READ A N D  WRITE 
INCREMENTAL 

LOAD DATA 

KILL = KILL + 1 

WRITE 
ERROR 

MESSAGE 
NO 

(1 060) 

READ A N D  WRITE READ A N D  WRITE READ AND WRITE 
ECC E N T R  IC1 N 

SUPPORT RADIUS 

STIFF N ESS 
A N D  COEFFICIENTS 

1 

F i g u r e  2. 19. Subrout ine  MONIX (Continued)  
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PRINT ERROR 
KILL = KILL + 1 

I 

YES 

READ A N D  WRITE 
MATRIX SCALE t +  

NO DO 330 
IJH = 1, KS 

I 
YES I 

1 
b I 

I 
I 

VALUE MATCH 

I I 
I 

INCREMENT 
4 - TERMINATION 

FLAG 

F i g u r e  2. 19. Subrout ine  MONlX (Continued)  
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PRINT 
MESSAGE 

(1 150) 

SET FLAG FOR 
REGION 2 

- 

0 RETURN 

3 (-1 TERM1 NATE 

Figure 2. 19. Subroutine MONiX (Continued) 
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I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

D @  100 
IJK = 1, NSGMTS -b 

CALCULATE THE CALCULATE 
STARTING A N D  GEOMETRY FOR 

THIS SEGMENT CALL GEqM 
ENDING POINTS OF -b SEGMENT 

- 
CALCULATE x A N D  
Z USING RADIAL 

A N D  AXIAL LOADS 
INPUT 

CALCULATE SET ARGUMENTS 
YOUNG'S MODULUS FOR POISSON'S 

CALL EHMU 

SET ARGUMENTS 
FOR YOUNG'S 

MODULUS 
CALCU LATl ON RATIO CALCULATION 

' 

1 

CALCULATE 
FINITE DIFFERENCE 

C O  EFF IC IENTS 

CALCULATE 
POISSON'S RATIO 

CALL EHMU 

CA LCU LATE 
SET ARGUMENTS THICKNESS 

CALCULATION CALL EHMU 
-b FOR THICKNESS -b 

a - 

CALCULATE 
STIFFNESSES 
CALL DANK 

F i g u r e  2. 20. Subrout ine  MON2X 
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A 

PRINT GEOMETRY 
PRINT CALCULATIONS 

HEADING FOR ALL 
SEGMENTS 

PRINT 
GEOMETRY 

? 

NO 

Q 
COEFFICIENTS HEADING SEGMENTS 

NO 

STIFFNESS 

SEGMENTS 
STIFFNESS ES HEADING FOR ALL 

Figure 2.20 .  Subroutine MON2X (Continued) 

187 



SET OVERLAY 
FLAG FOR 
REGION 3 

TERMINATE 

CALL WIT 

PRINT 
MESSAGE 

9 

CALCULATE THE 
NUMBER OF 

ROWS PER RECORD 
CALL NRPR 

INITIALIZE INDEX 
OF ENTIRE SHELL 

SOLUTION VECTOR 

- ir 
READ IJKth 

OLD PRIOR 
SO LUTl O N  

CALCULATE NUMBER RECORD FROM 
OF ROWS IN IJKth 
RECORD OF PRIOR 
SOLUTION TAPE 

D@ 280 
IJK = 1, NSGMTS - 

"UPDATE" 
OPTION BEING 

FIRST 
HARMONIC 
EQUAL TO 

P R I N T  
MESSAGE 

(1010) 

REWIND OLD 
PRIOR SOLUTION 

SET FLAG TO 
TERM1 NATE CASE 

RETURN 

F igure  2.20.  Subroutine MON2X (Continued) 
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MOVE PRIOR SOLUTION WRITE PRIOR 
SOLUTION FOR FORM = 0 TO 

SHELL STORAGE VECTOR 
' IN CORE, ENTIRE IJKth SEGMENT 

ONTO NEW PRIOR 
SOLUTION TAPE 

Q 

4 

RESET ITERATION 

SPECIAL" ITERATION 
FLAGS FOR "LAST 

F i g u r e  2 . 2  0. Subrout ine MON2X (Continued)  
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ENTER (4 
SPECIAL ITERATION 

"K" MATRIX FORCES A N D  INITIALIZE HARMONIC 
FLAG FOR USE OF 

UPDATE FORCES 

SET FLAGS FOR 
SPECIAL 

ITERATION 

I I 

BUILD "K" MATRIX 
FOR SPECIAL 
ITERATION 

CALL HARM 

INCREMENT 

BEEN DONE 

ZERO FLAG 

SPECIAL ITERATION 
FORCES 

REWIND 

1 
SET FLOATING 
POINT VALUE PRIOR SOLUTION OBTAIN INDEX OF 

HARMONIC = 2 M  OF HARMONIC = 2 M  TAPE 

Figure 2 . 2  1. Subroutine MON3X 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

FOR "JJKth" 
SEGMENT, CALCULATE ' A N D  NUMBER OF ROWS 

DO 400 NUMBER OF POINTS r-+ JJK = 1, NSGMTS 

IN TAPE RECORD 

.? - 

SET SIN.(q), COS (P), 
A N D  

INDEX, RADIUS, A N D  
ARC LENGTH OF FIRST 

POINT IN SEGMENT 

CALCULATE SLOPES 
USED TO CALCULATE 
MATERIAL PROPERTIES 

OF SEGMENT 

SOLUTION FOR 
"IJ Kth" SEGMENT 

4 

SET INDICES FOR 
FIRST POINT IN 

SEGMENT 

D O  300 INCREMENT ' --b I = 1, NPTS POINT INDICES 

I P 

SET VALUE OF 
N,FOR M = 0 

I 

i 

ADD NqFOR 
M = 2 M  TO 
VALUE FOR 

M = O  

-b 
I 
I 

GET we 

A N D  KPe FOR 

M = 2 M  

Figure 2.21. 

CALCULATE 
w'p A N D  Ne 
F O R M  = 2 M  

L- 

Subroutine MON3X (Continued) 

CALCULATE 
PHYSICAL 

OF POINT 
f CHARACTERISTICS 



Q 

SET ORDINARY 

ZEROTH ORDINARY 
ITERATION 

ITERATION FLAG FOR + 

P!R I NT 
INTERMEDIA c . . . . . . - - 

SET UPDATE 
FLAG EQUAL TO 

ZERO 

< 

Q 

REWIND SET FLAGS FOR 
"K"  MATRIX FIRST PART OF 

TAPE REGION FOUR - 

C0MPUTE"K" 1 e 
MATRIX FOR 

CURRENT HARMONIC 
CALL HARM 

Figure 2.2 i. Subroutine MON3X (Continued) 



MAXIMUM AND 
INITIALIZE FLAGS 

FIRST 
SEGMENT 

FLAGS AND SET 
SINE AND COSINE 

POINT- OF- SEGMEN 

NO 

I I 

Q 
I I 

I COMPUTE 
STIFFNESSES FOR I POINTS 'I' AND 'I+l" I CALLMISC- I 

SET FLAGS TO 
CALCULATE 
STARTING 

DISCONTINUITY 
EQUATIONS 

Figure 2.22.  Subroutine HARMX 



SET FLAGS TO 
CALCULATE 

TRAILING EDGE 
BOUNDARY 

CONDITIONS 

b 

SET FLAGS TO 

ENDING 
DISCONTINUITY 

EQUATIONS 

CALCULATE 

CALCULATE LEADING OR 
TRAILING EDGE 

BOUNDARY' 
CONDITIONS 
CALL GAMM 

2 

CALCULATE STARTING 
OR 

ENDING DISCONTININ 
EQUATIONS 
CALL BETA 

1 

v 

CALCULATE INITIAL 
RHV FOR BOUNDARY 

CONDiTlONS OR 
DISCONTINUITY 

EQUATIONS CALL BRHV . 
F i g u r e  2.22. Subrout ine  HARMX (Continued)  



I I 

4 

G E S  

.\/ PRINT RIGHT INITIAL HAND 
HAND VECTOR VECTOR FOR 

ALCULATE POINT "I" 

h 

COMPLETE 'A' 
COEFFICIENTS FOR * POINT ' I '  AND ' l + l '  

CALL ACAD 

SET FLAGS FOR 
EQUl LI BRl UM 
EQUATIONS 

GOT0 (100,200, 
100,200), NPFLG 

COMPUTE 
EQUILIBRIUM EQUA- * TIONS FOR POINT ' I '  

CALL EQUM 

1 
P E S  INlTlTAL RIGHT {TI CALCULATE FOR CURRENT RHV 

HAND VECTOR POINT 
CALL BRHV 

F i g u r e  2 .22.  Subrout ine HARMX (Continued)  
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CURRENT POINT 

PRINT 
RIGHT HAND 
VECTOR FOR 

CURRENT 
POINT 

> 

b SET FLAGS FOR 
NEW SEGMENT 

WRITE PART INCREMENT 

ON TAPE "K"  MATRIX 
~ RECORD FLAGS FOR OF 'K'  MATRIX 

Figure 2 .22 .  

SAVE PART OF 
INITIAL RHV IN 

Subroutine HARMX (Continued) 



COMPLETELY 
GENERATED 

YES 

INCREMENT 
COUNTERS FOR 

NEXT POINT 

6 d RETURN 

Figure 2 .22 .  Subroutine HARMX (Continued) 



ENTER 7 

INTERMEDIATE b 

INITIALIZE THE 
CASE FLAGS, CALCULATE INITIALIZE 

ARGUMENTS, AND NUMBER OF POINTS 
SOME COMMON COM 45 VALUES 

PERFORM 
INTERMEDIATE 

RESULT 
PRINTING 

f - l  CALCULATE THE NO 
NUMBER OF 

RECORDS USED FOR 
'K '  MATRIX 

-b 
REWIND 

"K" MATRIX 
TAPE 

DO350 FIND 'U' AND 
IJH = 1, KSI 'L' MATRICES 

CALL LANU 

SAVE MATRIX 
SCALE FACTORS 

FOR "IJHth" 4 
HARMONIC 

THIS A SPECIAL 
ITERATION 

F i g u r e  2. 23. Subrout ine  MON4X 



. 
NO BACKSPACE 

ONE RECORD 
ON 'U' TAPE 

BACKSPACE 
ONE RECORD 
ON 'U' TAPE 

GET NUMBER OF 
ROWS IN THIS 

RECORD 

YES 

READ ONE WRITE ONE 
RECORD RECORD OF 'U' 
FROM ON "L + U" 

"U" TAPE TAPE 

REWIND "U + L" 
TAPE 

YES DECREMENT 
RECORD INDEX 

SET STORAGE FOR 
RIGHT HAND 

VECTOR EQUAL TO 
ZERO 

SET HARMONIC PRINT MATRIX 
INDEX FOR FIRST SCALE FACTORS 
HARMONIC IN FOR ALL b 

LIST HARMONICS 

4 
1 1 

F i g u r e  2. 23. Subrout ine MON4X (Continued)  
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Q 
- . 

b 
GET GET SCALE ' HARMONIC FACTORS FOR 

INDEX THIS HARMONIC 

r 

CALCULATE 'P' 
VECTOR FOR 

THIS HARMONIC 
CALL PELR 

PERFORM 
BACK - SUBSTITUTION 

CALL BSUB 

"U" MATRIX 

REWIND 
"U + L" TAPE 

*- 
I--, 
I 

CALCULATE ROW 

POINT MINUS ONE 
--b INDEX OF CURRENT DO 550 

I = 1,NPTS 

PRINT 
INCREMENTAL 

SOLUTION 
CALL PRNX 

P R I N T  ERROR 
MESSAGE 

SETFLAGS TO I 
I RETURN ::RMI:.IATE CASE 

F i g u r e  2. 23. Subrout ine  MON4X (Continued)  
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Q 

RESTORE 

FLAG 
? INTERNAL 

PRINT 
INTERMEDIATE 

PRINTING 7 RESULTS 

SET OVERLAY 
FLAG FOR REGION 

FIRE 

C j  RETURN 

Figure 2. 23. Subroutine MON4X (Continued) 
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E N T E R  cr) 

CONVERGENCE A N D  NEW SOLUTION 
ZEROTH ITERATION VECTOR INDEX 

VALUES A N D  

GET IFCREMENT 

Figure 2. 24. Subroutine MON5X 
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IJ 

NO / TUlZ A 

b + 
INCREMENT 
SEGMENT 
COUNTER 

& 

1 I 

CALCULATE INDEX 

ENDING POINTS 
OF THIS SEGMENT 

OF STARTING A N D  

L SET PRIOR 
r b SOLUTION ARRAY 

EQUAL TO ZERO 

1 T  

REWIND PRIOR 
TAPEFOR ALL 

CALCULATE 
SUMMATI ON INITIALIZE INITIALIZE 

INDICES: 

CALL GETM 

+ SEGMENT --+ SPECIAL ITERATION 
INDEX FORCES INDEX 

r 

I 
~~ 

I 

F i g u r e  2. 24. Subrout ine  MON5X (Continued)  
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AND COSINE (PHI) 

FOR THIS SEGMENT 
-b 

CALCULATE THE 
NUMBER OF 

ROWS IN PRIOR 
SOLUTION FOR 
THIS SEGMENT 

SOLUTION FOR 
THIS SEGMENT 
LL HARMONICS 

LAST SEGMENT SOLUTION TAPE 

F i g u r e  2. 24. Subrout ine  MON5X (Continued)  
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YES 

NO 

IhlnFY ZFT 

SAVE HARMONIC 
INDICES 

-@ 

,,.L.L,., “ L ,  

ZEROTH ORDINARY 
ITERATION FLAG, 
A N D  INITIALIZE 

BETA PRINTING FLAG 

F i g u r e  2. 24. Subrout ine MON5X (Continued)  
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CALCULATE 
CONVERGENCE 

INFORMATION FOR 

CALL TCCR 

4 

ADD CORRECTION 
TO SOLUTION 
FOR SEGMENT 

Figure 2. 24. Subroutine MON5X (Continued) 
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. 
REWIND 
SCRATCH 

TAPE 

YES 
LAST SEGMENT 

CALCULATE NEW 
RIGHT HAND 

VECTOR 
FOR SEGMENT, 

NEXT HARMONIC 
CALL CNRH 

RES TOR E 
HARMONIC 
INDEX A N D  

VALUES 
b 

Figure 2. 24. Subroutine MON5X (Continued) 
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CALCULATE. READ PRIOR 
DO 307 NUMBER OF ROWS 

I = 1, NSGMTS b FOR THIS SEGMENT 
OF PRIOR SOLUTION SCRATCH TAPE 

A 
I 

WRITE PRIOR 
SOLUTION ON 

1 

b 

4 

MOVE NEW 
RIGHT HAND 

VECTOR FROM RHK 
TO RHM 

r 

b 
Figure 2. 24. Subroutiiie MOXSX (Continued) 
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INITIALIZE 
HARMONIC 

CONVERGENCE 
COUNTER 

SET CONVERGENCE 

CONSTANT 
CRITERION. 

D O  340 
I = I ,  KS b 

- 

INCREMENT 
HARMON IC 

CONVERGENCE 
COUNTER 

SET 
CONVERGENCE 

FLAG 

P R I N T  MESSAGE 
IN Dl CAT1 NG 
SOLUTION 

CONVERGED 

BEEN CONSIDERED 

I 

Figure 2.24. Subroutine MON5X (Continued) 
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YES 

INITALIZE BETA 
PRINTING FLAG 

INCREMENT 

I 
INITIALIZE THE 

NEW RIGHT HAND 
VECTOR INDEX 

INITIALIZE FLAGS REWIND 
FOR NEW " L + U" 

LOAD LEVEL TAPE 

4 
SET OVERLAY 

FLAG FOR 
REGION SIX 

RETURN 0 

INITIALIZE 
THE SEGMENT 

Figure 2. 24. Subroutine MON5X (Continued) 
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DECREMENT SET HARMONIC 
THE NUMBER OF . b INDEX EQUAL 

SPECIAL ITERATIONS TO 1 

t 
4 

- 
SET SPECIFIED 

OUTPUT OPTIONS 

, 

SET OVERLAY 
RETURN FLAG FOR 

REGION 3 

SET OVERLAY FLAG 
FOR REGION 6 - 

1 

I - 
SET HARMONIC 

NEXT HARMONIC 
THE ORDINARY CONTROL FLAG b INDEX FOR 

SET REGION 4 INCREMENT 

ITERATION NUMBER 

SET OVERLAY 
FLAG FOR 
REGION 4 

RETURN 

PRINT 
MESSAGE 

Figure 2. 24. Subroutine MONSX (Continued) 
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ENTER (7 
SET CASE 

MAXIMUMS 
A N D  CONSTANTS ' 

CALCULATE 
w'p W ,  A N D  E 

HARMON I CS 
CALL OMEG 

SET INDEX 
FOR SPECIAL 

ITERATION FORCE b AT ALL POINTS FOR ALL 

Ne 

THIS A CALCULATE 
SPECIAL 

POINTS IN SEGMENT 

BUILD MISCELLANEOUS 
VALUES FOR 
THIS POINT 
CALL SDAT 

b + 

No I 

BUILD FORCES, 
FOR THIS POINT 

CALL PVAL 

+ 
YES NO 

- 
GET SPECIAL 

ITERATION FORCE, 
FOR THIS POINT 

- 
I YES I No I 

L 

YES SET FLAG FOR CHANGE SUBSCRIPT b TIME THROUGH NOT FIRST TIME 
THROUGH LOOP OF FORCES 

- 

INCREMENT 
POINT COUNTER 

Figure 2. 25. Subroutine CNRHX 
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INITIALIZE RIGHT 

AND SET FLAG FOR 
"LEADING" BOUNDARY 

CONDITION VALUES 

YES HAND VECTOR INDEX 

SET FLAG FOR 
LEADING 

DISCONTINUITY 
EQUATION VALUES 

6 I 

Figure 2. 25. Subroutine CNRHX (Continued) 
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BUILD DISCONTINUITY BU I L D I BOUNDARY 
EQUATION VALUES CONDITION VALUES 

CALL DVEC CALL BVEC 

CHANGE INDEX 
OF FORCES b 

BUILD NEW PRINT 
RIGHT HAND INTERMEDIATE 

CALL RANP POINT 
VECTOR INTERMEDIATE VALUES AT THIS 

INCREMENT 
POINT 

COUNTERS 

d 

0 RETURN 

Figure 2. 25. Subroutine CNRHX (Continued) 
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ENTER a 
MOVE OUTPUT 
OPTIONS FROM b INITIALIZE VALUES 

AND SET 
CONSTANTS ’ BLANK COMMON TO 

NAMED COMMON 

SET INDEX 
OF NEXT LOADING 

TO BE PRINTED 
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